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vRÉSUMÉ
Le méthacrylate de méthyle est le monomère du polyméthacrylate de méthyle. Ce dernier,
commercialisé sous les noms de marques Acryliter, Plexiglasr, Luciter, Optixr, Perspexr,
Oroglasr, Cyroliter, Sumipexr et Altuglasr, a diverses applications industrielles dans les
peintures et revêtements ou l’électronique, comme modificateur pour le PVC, ou pour les
implants osseux Nagai (2001); Godfrey (1963); Kung (1994); W.Dormer et al. (1998); Smith
et al. (1999). La demande en MMA dépassera les 4.8 millions de tonnes d’ici à 2020 Global
Market Analysts (2016). La région Asie–Pacifique est son principal marché, elle inclut no-
tamment la Chine, son premier producteur et consommateur mondial. L’Amérique du Nord
et l’Europe se classent deuxième et troisième, respectivement, tandis que le Moyen–Orient,
l’Afrique, et l’Amérique Latine représentent les marchés en plus forte croissance Global Mar-
ket Analysts (2016). Le PMMA (produit à partir de MMA) dépassera lui les 2.8 millions de
tonne en demande annuelle. Mitsubishi Rayon a ainsi rapporté une croissance de la demande
de plus de 0.2 millions de tonnes en rythme annuel (5% to 6%) Nagai et Ui (2004); Pro-
gram (2006); Schunk et Brem (2011). Cette hausse de la demande en PMMA se traduit en
moyenne par une augmentation annuelle de l’ordre de 10% du prix au gros du MMA Jing
(2012). En 2015, la demande globale égalait la capacité de production à l’échelon mondial
Markit (2016); Global Market Analysts (2016).
La production de méthacrylate de méthyle (MMA) par le procédé acétone cyanohydrine
(ACH) dépend de matières premières couteuses et toxiques et souffre de faibles conversions.
L’estérification de l’acide méthacrylique (MAA) en MMA est une alternative au ACH. Ce-
pendant, les procédés de synthèse de MAA requièrent plusieurs étapes et leurs catalyseurs
ont une faible durée de vie. L’oxydation d’oléfines légères en acide méthacrylique (MAA)–
en tant que matières premières alternative pour le MMA— réduit les lacunes du précédé
actuel Montag et Mckenna (1991); Drent et Budzelaar (1996); Zhou et al. (2015). Toutefois,
les voies proposées depuis ces matières premières souffrent également de faibles conversions,
de multiples étapes et de la faible durée de vie des catalyseurs. Nous avons employé un
micro-lit fluidisé gaz-solide pour oxyder partiellement, et pour la première fois, du 2–méthyl–
1,3–propanediol (2MPDO) sur un catalyseur hétérogène.
Au travers du choix du catalyseur, du design du micro-lit fluidisé, de la réaction des composés
thermosensibles en produits à valeur ajouté, et du modèle cinétique, nous avons cherché à
optimiser l’ensemble du procédé catalytique pour développer une nouvelle approche pour
l’oxydation partielle du 2MDPO en produits chimiques de spécialité.
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Avant de s’attaquer au corps de ce projet de recherche, nous avons réalisé dans le second cha-
pitre une étude compréhensive de l’ensemble des procédés actuels, commerciaux et potentiels
permettant la “Synthèse catalytique d’acide méthacrylique et de méthacrylate de méthyle”
(Chapitre 2 : “Catalysis for the synthesis of methacrylic acid and methyl methacrylate”) afin
de comprendre les points suivants :
1. Les avantages et inconvénients des procédés actuels ;
2. Le choix, potentiel ou commercial, du catalyseur pour chaque approche ;
3. Les conditions opératoires optimales et les mécanismes réactionnels possibles.
Pour le premier objectif spécifique, nous proposons un nouveau procédé hétérogène gaz-solide-
liquide dans lequel nous atomisons le réactif, liquide, sur le catalyseur pour réaliser l’oxydation
partielle du 2MPDO en MAA et en méthacroléine (MAC). À cet égard, nous avons assigné
les chapitres 3 et 4 de cette thèse– ainsi que deux articles publiés– à cet objectif spécifique.
Le chapitre 3 est intitulé : “Oxydation en phase gaz du 2–méthyl–1,3–propanediol en acide
méthacrylique sur des catalyseurs hétéropolyacidiques” (“Gas phase oxidation of 2–methyl–
1,3–propanediol to methacrylic acid over heteropolyacid catalysts”). Le quatrième chapitre,
portant sur le même thème, est intitulé : “Oxydation partielle du 2–méthyl–1,3–propanediol
en acide méthacrylique : modélisation expérimentale et du réseau neural” (“Partial oxidation
of methyl–1,3–propanediol to methacrylic acid : experimental and neural network modeling”).
Le 2MPDO liquide est atomisé par de l’argon sur la surface du catalyseur à une tempé-
rature de 250 ◦C. La première difficulté expérimentale est l’agglomération du catalyseur au
cours du temps qui conduit à l’obstruction du distributeur après quelques expériences. Afin
de surmonter ce problème, nous avons optimisé le ratio Ar/2MPDO (gaz/réactif liquide), la
configuration de la buse, et la perte de charge. Parmi tous les catalyseurs hétérogènes syn-
thétisés, les hétéropolycomposés de type Keggin sont ceux qui se sont montrés les plus actifs
pour réaliser le clivage de la liaison C−H et oxyder sélectivement le 2MPDO en MAA+MAC.
La température et le ratio 2MPDO :O2 affectent de façon prépondérante le rendement en
produits désirés. Les autres éléments à considérer pour ce procédé sont la formation de coke,
le haut taux de conversion, et la formation de sous-produits.
Bien que nous ayons testé différent types de catalyseurs avec différentes conditions opéra-
toires, nous n’avons toujours aucune idée de la nature de la relation entre structure du cata-
lyseur et sélectivité en produits. Il nous faut également réfléchir à la nature des sites actifs
pour ce type de catalyseur et pour cette réaction sachant que la température de calcination
est le paramètre de synthèse ayant le plus d’impact sur les performances du catalyseur. Notre
second objectif spécifique a ainsi consisté à calciner le catalyseur optimal (déterminé au pre-
mier objectif) à différentes températures. Nous avons caractérisé le catalyseur avec différentes
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techniques pour distinguer les différences induites par la calcination en termes de structures.
Nous proposons ainsi un nouveau mécanisme qui lie la structure du catalyseur, les réactifs, et
les produits. Les résultats du second objectif ont été publiés dans un article reproduits dans
le chapitre 5. Le chapitre 5 est intitulé “Des catalyseurs de type Keggin à base de Cs, V et
Cu oxydent partiellement le 2–méthyl–1,3–propanediol en acide méthacrylique” (“Cs, V, Cu
Keggin–type catalysts partially oxidize 2–methyl–1,3–propanediol to methacrylic acid”).
La dernière étape a consisté à modéliser les données expérimentales des différents mécanismes.
Le modèle de Mars et Van Krevelen caractérise nos données mieux que ceux de Langmuir–
Hinshelwood ou de Eley–Rideal : la séquence réactionnelle implique à la fois des réactions
en série et en parallèle dans lesquelles le 2MDPO forme du MAC et du MAA directement et
où le MAC formé réagit ensuite pour donner du MAA. Le taux de réaction en série du MAC
en MAA est 50 fois plus rapide que celui de la réaction en parallèle (formation du MAC
et du MAA). La réaction de 2MPDO sur les sites oxydés pour former des produits est la
étape limitante. Le chapitre 6 intitulé “Cinétique d’oxydation du 2-méthyle-1,3-propanediol
en acide méthacrylique”.
À l’aide de la compréhension glanée dans ce projet, nous pouvons conclure que l’oxydation
partielle du 2MDPO dans un réacteur à lit fluidisé gaz-solide est une approche novatrice
pour valoriser le 2MDPO en produits chimiques de spécialité et en acides carboxyliques en
particulier. Dans le système gaz-solide-liquide, le 2MDPO est introduit lentement dans le lit
avec lequel il est en contact direct. Il s’évapore, et s’oxyde soit à la surface du catalyseur, soit
dans le lit. Il est converti en acides carboxyliques. Les catalyseurs acides à base de vanadium
et de molybdène font preuve de performances prometteuses pour la conversion du 2MDPO
en produits à valeur ajoutée. Si l’activité catalytique affecte le rendement et la sélectivité en
produits, les conditions opératoires telles que la température et la concentration en O2 ont
elles-aussi un impact majeur. Le modèle cinétique proposé prédit de façon précise, tout en
restant simple, la conversion en 2MDPO, la sélectivité en produits, et l’effet des différents
paramètres. Le co-produit de la méthode ici-présentée est du syngaz, un mélange de CO+H2
pouvant être transformé en carburants et autres produits chimiques.
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ABSTRACT
Methyl methacrylate (MMA) is a specialty monomer for poly–methyl–methacrylate (PMMA),
which is marketed under trademarks Acryliter, Plexiglasr, Luciter, Optixr, Perspexr,
Oroglasr, Cyroliter, Sumipexr and Altuglasr and applied in diverse industries including
paints and coatings, electronics, as a modifier for PVC, and as bone inserts Nagai (2001);
Godfrey (1963); Kung (1994); W.Dormer et al. (1998); Smith et al. (1999). Demand of MMA
will surpass 4.8 million metric tonne by 2020 Global Market Analysts (2016), where Asia–
Pacific is the main market in which China ranks first for production and consumption. North
America and Europe are ranked second and third, respectively, while the Middle East, Africa,
and Latin America are the areas growing the fastest Global Market Analysts (2016). PMMA
(produced from MMA) surpassed 2.8 million tonne annually. Mitsubishi Rayon reported
annual growth in demand of more than 0.2 million tonnes (5% to 6%) Nagai et Ui (2004);
Program (2006); Schunk et Brem (2011). Due to the increasing demand for PMMA, the
price of bulk MMA increased by 10% annually Jing (2012).In 2015, the worldwide demand
equalled the global supply capacity Markit (2016); Global Market Analysts (2016).
The acetone cyanohydrin process (ACH) to produce methyl methacrylate (MMA) relies on
expensive and toxic feedstock and suffers from low yield. Methacrylic acid (MAA) ester-
ification to MMA is an alternative to ACH. However, current processes to produce MAA
require multi steps and catalysts lifetime are short. Oxidizing light olefins to methacrylic
acid (MAA)– as an alternative feedstock for MMA– reduces the deficiencies of the current
process Montag et Mckenna (1991); Drent et Budzelaar (1996); Zhou et al. (2015). However,
the proposed routes from these feedstocks also suffer from low yield, multiple steps, and short
catalyst lifetime. We employed a gas–solid micro fluidized bed reactor to partially oxidize
2–methyl–1,3–propanediol (2MPDO) over the heterogeneous catalysts for the first time.
We targeted developing a catalytic process, the catalyst used, temperature sensitive materials
to value added chemicals, a micro fluidized-bed reactor, and kinetic modeling to pave a new
road in the partial oxidation of 2MPDO into specialty chemicals.
Before starting the main body of the research, we did a comprehensive study as the second
chapter entitled “Catalysis for the synthesis of methacrylic acid and methyl methacrylate”
on all current commercialized/potential processes to understand the following aspects:
1. The advantages or disadvantages of the current approaches;
2. The potential commercial or developed catalysts for each route;
3. The optimum operating conditions and possible mechanisms.
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As the fist specific objective, we propose a new gas-solid-liquid heterogeneous process in
which we atomize the liquid reactant over the catalyst to partially oxidize 2MPDO into
MAA and methacrolein (MAC). In this regard, we assigned chapters 3 and 4 of this thesis–as
two published papers– to this specific objective. The third chapter is “Gas phase oxidation
of 2–methyl–1,3–propanediol to methacrylic acid over heteropolyacid catalysts”. The fourth
chapter is also assigned to “Partial oxidation of methyl–1,3–propanediol to methacrylic acid:
experimental and neural network modeling”. Argon atomized the liquid 2MPDO over the
catalyst surface operating at 250 ◦C. However, the first encountered issue was catalyst ag-
glomeration with time which blocked injector after some experiments. To overcome this
problem, we optimized the Ar/2MPDO ratio, the nozzle configuration and pressure drop.
Among the synthesized heterogeneous catalysts, Keggin–type heteropolycompounds were ac-
tive to cleavage C−H bond of hydrocarbon and selectively oxidize 2MPDO to MAA+MAC.
Temperature and the 2MPDO:O2 ratio affect the yield of desired products. Coke formation,
high conversion and forming byproducts are the other issues of this process.
Although we tested several kind of catalysts over different operating conditions, we still
have no idea what the correlation between catalyst structure and products selectivity. On
the other hand what the active sites in this catalyst type for this reaction? Moreover,
calcination temperature is the most effective parameters on charge transfer among metal
ions of catalyst that affects its performance. Therefore as the second objective, we calcined
the optimum catalyst structure (obtained from the first objective) at different temperatures.
We characterized the catalyst with several techniques to distinguish the differences in their
structures. We propose a new mechanism that correlates the catalyst structure, reactant,
and products. The results of second objective published as a paper in chapter 5. Chapter
5 entitled “Cs, V, Cu Keggin–type catalysts partially oxidize 2–methyl–1,3–propanediol to
methacrylic acid”.
As the last step, we modeled experimental data by different mechanisms. The Mars and Van
Krevelen model characterizes the experimental data better than the either the Langmuir–
Hinshelwood or Eley–Rideal models: The reaction sequence involves both parallel and series
reactions in which 2MPDO for MAC and MAA directly and MAC reacts to form MAA but
the series reaction rate to MAA is 50 times faster than the parallel reaction rate. Reacting of
2MPDO over the oxidized sites to form products is the rate–limiting step. Chapter 6 entitled
“Oxidation kinetics of 2–methyl–1,3–propanediol to methacrylic acid”.
With the help of the insight gained in this study we can say that the partial oxidation of
2MPDO in the gas–solid fluidized–bed reactor is a novel approach for upgrading 2MPDO to
value–added chemicals and in particularly carboxylic acids as an open chain product from
x2MPDO. In the gas-solid-liquid system, 2MPDO was introduced to the bed slowly, directly
contacted with the catalyst, evaporates, and oxidized on the surface of the catalyst or in
the bed and converted to carboxylic acids. Acidic catalyst based on vanadium and molyb-
denum demonstrated promising performance in the conversion of 2MPDO to fine chemicals.
However, catalyst activity and selectivity changes the liquid product yield and selectivity
but reaction condition such as temperature and O2 concentration have a considerable effect,
as well. The proposed kinetic model, however, was simple but accurately predicts 2MPDO
conversion, product selectivity and the effect of various parameters. The by-product of the
introduced method was syngas, which can be converted into fuel and chemicals.
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1CHAPTER 1 INTRODUCTION
Oxidation of waste bio–based or low value added materials to specialty chemicals is an at-
tractive chemistry due to fossil reserve depletion and climate pollution. Methyl methacrylate
(MMA) is a specialty monomer for poly methyl methacrylate (PMMA) that the demand of
MMA will surpass 4.8 million metric tonne by 2020 Global Market Analysts (2016). PMMA
(produced from MMA) surpassed 2.8 million tonne annually. Mitsubishi Rayon reported
annual growth in demand of more than 0.2 million tonnes (5% to 6%) Nagai et Ui (2004);
Program (2006); Schunk et Brem (2011). Due to the increasing demand for PMMA, the price
of bulk MMA increased by 10% annually Jing (2012). and its increasing demand motivates
industry to develop clean technologies based on renewable resources.
The dominant commercial process reacts acetone and hydrogen cyanide to MMA (ACH route)
but the intermediates (hydrogen cyanide, and acetone cyanohydrin) are toxic and represent
an environmental hazard. Esterification of methacrylic acid (MAA) to MMA is a compelling
alternative together with ethylene, propyne and isobutene/t–butanol as feedstock. However,
processes starting from these feedstock suffer from some drawbacks such as short catalyst life
time, multi step reactions, extra separation units to separate unreacted raw materials from
products, and high amount of byproduct. Partially oxidizing isobutane in a single–step is
nascent technology to replace current processes ; however, because the feedstock is isobutane,
it must operate at upper flammability area. Then the conversion has to keep low (less than
10%) and to improve the yield we need to separate and recycle the unreacted isobutane.
Recently, Pyo et al. proposed a bio–process in which 2–methyl–1,3–propanediol (2MPDO)
oxidizes to 3–hydroxy–2–methylpropionic acid via 3–hydroxy–2–methylpropanal in micro–
organisms and then this intermediate dehydrates to MAA and MAC over titanium dioxide at
210 ◦C Pyo et al. (2012). However, the productivity of this bioroute remains low and expensive
due to the enzymes. 2MPDO is a co–product of 1,4–butanediol in the hydroformylation
process of allyl alcohol and can be an attractive feedstock to produce MAA Dubois (2014);
Mahboub et al. (2016a). Therefore, oxidation of 2MPDO to MAA would be an interesting
alternative to overcome or diminish the problems of current processes. As such a catalyst
that selectively oxidizes 2MPDO to MAA is the main and first step of this new process.
The main objective of this project, then, is to introduce the production of methacrylic acid
and methacrolein from 2MPDO as a new route for the polymer-based industry to produce
highly valued chemicals while reducing the number of process steps through gas-solids he-
terogeneous catalysis. Target chemicals are MAA and MAC. Up until now, this processing
2route has not been explored.
The synthesizing of highly selective catalyst for deriving these specialty chemicals in one–step
reaction has as of late shown to improve the both economics and performance of this process.
High conversion and low undesired products (as byproducts) is highly important which affect
the economic and environmental impact of the whole process. Also, catalyst deactivation rate
is important to improve its performance and product yield.
Gas–liquid reaction over solid heterogeneous catalysts are used widely in the industry (Lioyd,
2011). Reducing the corrosion, separation and deposal problems associated with homogeneous
catalysis is the main advantages of heterogeneous catalysis. Porous solid catalysts provide
higher surface area that active sites were dispersed uniformly over the surface and thermally
stabilize the catalyst structure Fechete et al. (2012). A heterogeneous catalyst decreases
catalyst expenses and supports in heterogeneous catalysts permit greater efficiency in the
use of an expensive metal by increasing the active surface. Normally, a higher surface area
offers higher selectivity and activity Bagheri et al. (2014).
We conducted all experiments in a micro–scale reactor because of its advantageous such as :
1. Less catalyst consumption
2. Iso–thermal situation
3. On-line monitoring of eﬄuent gas Yu et al. (2011b); Munirathinam et al. (2015)
Fluidized–bed reactors favor for thermal sensitive materials than fixed-beds that deactivation
(carbon deposition) is significant for systems with liquid injection (for gas–solid systems).
Homogeneity and well solid mixing are the most other significant advantages of fluidized
bed reactors, compared to other types Godefroy et al. (2010); Lorences et al. (2006). Micro
fluidized–bed reactors are suitable to model the system and for kinetics and investigating
reaction characteristics Liu et al. (2008).
Based on the main objective, oxidation of 2MPDO to MAA and MAC in the presence of
heterogeneous catalyst in the micro–fluidized, one of the main issue is to synthesize the
selective catalyst to oxidize 2MPDO to these products. Another major challenge is developing
a process in accordance with the benefits of gas–solid heterogeneous catalyst’s ability to
minimize or even eliminate agglomeration and improve performance. A kinetic model helps
us to optimize the process and consequently scale up. Therefore, the research is divided into
three main parts corresponding to the targeted specific objectives :
– Objective # 1
1. Synthesize the heterogeneous catalysts that are active, and selectively oxidize 2MPDO
to MAA and MAC. The sub–objectives of this imperative include : 1.1- Designing a process
3in accordance with the benefits of gas–solid heterogeneous catalysts.
1.2- Synthesize different kinds of catalysts by inserting different metal ions.
1.3- Catalyst characterization to find the correlation among catalysts structure, their pro-
perties, products, and reactants.
1.4- Identify the most active and selective catalyst.
– Objective # 2
2. Propose a gas–solid process to partially oxidize 2MPDO in gas phase.
2.1- Identify and optimize an effective process for partial oxidation of 2MPDO.
2.2- Evaluate and test the catalyst performance in oxidation of 2MPDO.
– Objective # 3
3. Derive a kinetic expression that adequately characterizes the reaction kinetics
The last series of experiments consist of data aimed to kinetic modelling. Optimum reaction
condition will be predicted and the targets include :
3.1- To study the significantly of each variable : 2MPDO/O2 concentration ratio, steam
flow rate, temperature, and residence time on yield of acids.
3.2- To develop a suitable model for 2MPDO conversion.
3.3- To define a kinetic model for MAA and MAC production.
4CHAPTER 2 COHERENCE OF THE ARTICLES
A brief description of the chapters and the link in between is as follows :
Chapter 3 represent a review article about all commercialized or potential approaches to
produce methacrylic acid (MAA) and methyl methacrylate (MMA) (as specialty chemicals)
from both industrial and scientific sides. Light hydrocarbons (C2–C4) are affordable feedstock
to produce these compounds ; however, catalytic oxidation of these raw materials suffer from
short catalyst life time, multiple reaction step, toxic byproducts and low desired product
selectivity. Partially oxidizing isobutane or 2–methyl–1,3–propanediol (2MPDO) over hete-
ropolycompounds to MAA in a single–step is nascent technology to replace current processes.
Renewable sources for the MMA or MAA route include acetone, isobutanol, ethanol, lactic,
itaconic, and citric acids. End–of–life polymers (PMMA) are expected to grow as a future
source of MMA and MAA. This chapter reviewed in details all processes and mechanisms
for different feedstock and investigated the effect of each metals, cations, and supports to
produce MMA and MAA. The other operating conditions such as feed composition, reaction
temperature and catalyst synthesis have been also studied. This field of research has been
the focus of many valuable publications and a thorough review of them has been attempted.
At the end, this review gives a comprehensive view to the readers to understand the role of
active sites on producing MAA. This article is under review by Chemical Society Review.
Chapter 4 : The first objective of this study was to evaluate and test different catalysts to
oxidize 2MPDO to MAA in a gas–solid fluidized bed reactor. As there is not data available
to oxidize 2MPDO to MAA, firstly, it was important to introduce a catalyst able to breakage
the C−H bond. We had tested several catalysts containing different active sites dispersed over
supports. We found that the Keggin–type heteropolycompounds are the potential alternative
in which we inserted metal cations with different ratio (V, Cs, and Cu) to maximize MAA
and MAC selectivity. Inserting vanadium into the HPA reduced the Mo6+ to Mo5+, and
promoting it with copper increased selectivity to MAA but decreased conversion.
More than just studying the catalyst, process performance is important. Feed composition
(oxidizing or reducing condition). To maximize acids yield, we evaluated the effect of tem-
perature and 2MPDO :O2 ratio on 2MPDO conversion and selectivity. We finally proposed
a general mechanism for this process in which MAC is the main intermediate. In the first
step, oxygen reacts with 2MPDO to form 3–hydroxy–2–methylpropanal. This intermediate
dehydrates to MAC in the second step, and finally in the third step oxygen reacts with MAC
to form MAA.
5Based on our achievements to the initial specific objectives, the first paper is “Gas phase
oxidation of 2–methyl–1,3–propanediol to methacrylic acid over heteropolyacid catalysts”
which Catalysis Science and Technology has published it in 2016.
Chapter 5 is a simulation via artificial neural network based on experimental data publi-
shed in a first article. A paper entitled “Partial oxidation of 2–methyl–1,3–propanediol to
methacrylic acid : Experimental and neural network modeling” has been published by RSC
Advances (2016). We considered metal ions (V, Cs, and Cu) inserted in catalyst structure
and feed composition levels as input layers and counted MAA selectivity as an output layer.
We tested different learning algorithm to find an optimum catalyst structure and feed com-
position. At the end, we evaluated the interaction between metal ions and also 2MPDO/O2
ratio.
Chapter 6 : This chapter covers two main aspects : the first of is solid understanding of
the correlation between catalyst structure and products as an inevitable topic. The second
one is studying the effect of calcination temperature on catalyst performance and products
selectivities that the results have published in Applied Catalysis A : General (2018).
In this paper, we establish the relationship between heteropoly acid performance and calcina-
tion temperature at 300 ◦C and 350 ◦C. The molybdenum oxidation state was higher after the
high temperature treatment but it reduced to a greater extent during reaction (from Mo6+
to Mo5+). The higher extent of reduction confirms the higher O2– → Mo6+ charge–transfer
in the Keggin anion. Though, the route of direct dehydration of 2MPDO (C−OH bond clea-
vage) followed by oxidation to MAC is the most direct path to the products detected, we
proposed a mechanism that passes through the homolitic dissociation of the tertiary C−H
bond, in reason of the very similar bonding energies.
Chapter 7 : The effects of 2MPDO and O2 concentrations, wider temperature range, and
residence time (τ) on products selectivities and reactant conversion in "Oxidation kinetics of
2–methyl–1,3–propanediol to methacrylic acid" were tested. We performed a full factorial de-
sign on operating conditions to develop kinetic modelling. We evaluated different mechanisms
and assumed different steps as a rate– limiting step to propose the best model that fits with
experimental data. Baed on the model, we predicted the mechanism, activation energy and
reaction rate constant of each step that led to a better understanding of the underlying pro-
cesses. The results of this chapter has been submitted to Chemical Engineering Journal
(2018).
Chapter 8 is a general discussion and summary of the results.
Chapter 9 summarized the key conclusions and provides recommendations for future studies.
6CHAPTER 3 LITERATURE REVIEW - ARTICLE 1 - CATALYSIS FOR
THE SYNTHESIS OF METHACRYLIC ACID AND METHYL
METHACRYLATE
Mohammad Jaber Darabi Mahboub, Fabrizi Cavani, Jean–Luc Dubois, Mohammad Rosta-
mizadeh, Gregory S Pateince
Submitted to : Chemical Society Reviews (2018)
3.1 Abstract
Methyl methacrylate (MMA) is a specialty monomer for poly methyl methacrylate (PMMA)
and its increasing demand motivates industry to develop clean technologies based on rene-
wable resources. The dominant commercial process reacts acetone and hydrogen cyanide to
MMA (ACH route) but the intermediates (hydrogen cyanide, and acetone cyanohydrin) are
toxic and represent an environmental hazard. Esterification of methacrylic acid (MAA) to
MMA is a compelling alternative together with ethylene and isobutene/t-butanol as feed-
stock. Partially oxidizing isobutane or 2–methyl–1,3–propanediol (2MPDO) over heteropoly-
compounds to MAA in a single–step is nascent technology to replace current processes. Here,
we describe the role of metals, cations, and supports to produce MMA and MAA. Keggin
type–heteropoly compounds with cesium and vanadium are promising catalysts to convert
isobutane and 2MPDO to MAA. Renewable sources for the MMA or MAA route include
acetone, isobutanol, ethanol, lactic, itaconic, and citric acids. End–of–life polymers (PMMA)
are expected to grow as a future source of MMA.
3.2 Introduction and scope
Methyl methacrylate (MMA) is a specialty monomer for poly–methylmethacrylate (PMMA),
which is marketed under trademarks Acryliter, Plexiglasr, Luciter, Optixr, Perspexr,
Oroglasr, Cyroliter, Sumipexr and Altuglasr and applied in diverse industries including
paints and coatings, electronics, as a modifier for PVC, and as bone inserts Nagai (2001);
Godfrey (1963); Kung (1994); W.Dormer et al. (1998); Smith et al. (1999). Demand of MMA
will surpass 4.8 million metric tonne by 2020 Global Market Analysts (2016), where Asia–
Pacific is the main market in which China ranks first for production and consumption. North
America and Europe are ranked second and third, respectively, while the Middle East, Africa,
and Latin America are the areas growing the fastest Global Market Analysts (2016). PMMA
7(produced from MMA) surpassed 2.8 million tonne annually. Mitsubishi Rayon reported an-
nual growth in demand of more than 0.2 million tonnes (5% to 6%) Nagai et Ui (2004);
Program (2006); Schunk et Brem (2011). Due to the increasing demand for PMMA, the
price of bulk MMA increased by 10% annually Jing (2012).In 2015, the worldwide demand
equalled the global supply capacity Markit (2016); Global Market Analysts (2016).
Academia and industry continue to develop technologies and modify current processes with
novel materials, catalysts, and optimizing operating conditions. Web of Science (WoS), in-
dexed over 12 000 scientific manuscripts since 1989 related to MAA/MMA and their applica-
tions in polymers, catalyst synthesis and characterization, reaction engineering, kinetics and
process and physical chemical properties. China published the most articles and patents fol-
lowed by USA, Japan, India, and Germany. Bibliometric maps group work streams together
in related clusters and demonstrate how major research axes are related between clusters
(Fig. 3.1) Eck et Waltman (2010). The four major research clusters for MAA/MMA relate
to chemistry/material sciences (red) ; polymers and kinetics (green) ; physical–chemical pro-
perties (lime green), and formulation (blue). The size of the circle is proportional to research
intensity and in the red cluster, methacrylic acid dominates. Polymerization science—green
cluster—is equally important as methacrylic acid. Blending dominates the blue cluster rela-
ted to formulation and processing while research intensity in the property characterization
cluster (lime green) is more equally distributed. The “Journal of Applied Polymer Science”
and “Macromolecules” have published the most research in the field.
A dozen technologies are practiced commercially or are under development to produce MAA
and MMA with diverse feedstocks ranging from acetone–cyanohydrin (ACH) to light hydro-
carbons (Table 3.1) Ballarini et al. (2007b); Nagai et Ui (2004).
3.3 ACH process
The ACH process dominates the market, especially in Europe and North America Ballarini
et al. (2007b); Schunk et Brem (2011). Acetone and hydrogen cyanide (HCN) react to form
acetone cyanohydrin ; this intermediate then reacts with excess concentrated sulfuric acid to
methacrylamide sulfate. Methacrylamide is then treated with excess aqueous methanol ; the
amide is hydrolyzed and esterified forming a mixture of MMA and NH4HSO4 Ballarini et al.
(2007b); Jing (2012). Although this process is economically attractive (especially in Europe),
it still suffers from some drawbacks such as the toxic reactant HCN and a large volume of
co–product–ammonium bisulphate (∼ 1.2 kg for each kg of MMA) which companies sell as
a fertilizer or reprocess to produce H2SO4. Producing H2SO4 requires additional processing
units and investment Cavani (2010); Mizuno et al. (1996b); Knapp et al. (2001); Deng et al.
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(2005); Program (2006) (Scheme 3.1).
Schème 3.1 – Common ACH approach to produce MMA Nagai et Ui (2004); Cavani (2010)
Mitsubishi Gas Chemical hydrates acetone–cyanohydrin to 2–hydroxyisobutylamide over
an MnO2 catalyst ; the amide reacts with methylformiate forming the methyl ester of 2–
hydroxyisobutyric acid over CaO as formamide is a main co–product. Na–Y zeolite dehy-
drates the ester to MMA. The recycled formamide forms hydrogen cyanide, which reacts
with acetone Shuji et al. (1994); Kiochi (1999). This improved reaction sequence eliminates
byproduct–ammonium bisulphate and generates HCN in situ, which eliminates it as a feed-
stock (Scheme 3.2). However, catalyst lifetime is the main drawback of this process.
Evonik commercialized the AVENEER process (2015) to produce 120 kt MMA (at an ove-
rall yield of 93%) in which ammonia, methane, acetone and methanol are the feedstocks.
AVENEER eliminates sulfuric acid thereby decreasing capital investment and reducing the
energy load. It eleminates aluminum bisulphate and thereby cuts CO2 emissions by nearly
50%.
Light hydrocarbons—C2–C4—are promising feedstocks for MAA and esterification of MAA
to MMA, which we detail in the following sections.
3.4 C−2 routes
Crude oil is a source of ethylene by steam cracking or fluidized catalytic cracking (FCC) Ros-
tamizadeh et Taeb (2015, 2016). Ethylene forms MAA and MMA via intermediates including
propanal (propionaldehyde), propionic acid or methyl propionate (Scheme. 3.3) Gogate et al.
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Schème 3.2 – Improved ACH method to produce MMA proposed by Mitsubishi Gas Shuji
et al. (1994); Kiochi (1999)
(1997).
Hydroformylation of ethylene over cobalt or rhodium catalyst produces propionaldehyde. In
the liquid phase with a secondary amine, propanal reacts with formaldehyde. Cracking of the
Mannich base intermediate of the reaction produces methacrolein (MAC), which then oxidizes
to MAA Considine (2006). Alternatively, the crossed aldol condensation with formaldehyde
in the gas phase and over a molecular sieve forms MAC that oxidizes to MAA Considine
(2006). “BASF” and “Alpha” are the two main processes to produce MMA and MAA from
C2 hydrocarbons.
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Schème 3.3 – Possible Processes to produce MAA and MMA from ethylene Considine
(2006). Reprinted with permission from Considine (2006) Copyright 1997 Elsevier B.V.
3.4.1 BASF process
BASF produced MAA and MMA from ethylene in the presence of carbon monoxide and
hydrogen (Scheme. 3.4) Nagai (2001) :
1. Hydroformylation of ethylene to propionaldehyde
2. Condensation with formaldehyde to MAC
3. Oxidizing MAC to MAA
4. Esterification of MAA to MMA
Schème 3.4 – MAA and MMA production from ethylene–BASF process Nagai (2001)
They claimed high MAC selectivity (99%) but the main disadvantages were the high cost
of the oxidation step, low yield, and low single pass conversion Merger et Foerster (1983);
Duembgen et al. (1985); Sugiyama et al. (2009). Amoco Co. developed a gas phase process
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including molecular sieve catalysts in which 57% of the propionaldeyde reacted at 98%
MAC selectivity Hagen (1984). They commercialized the technology in Germany (1989) and
produced 40 kt MMA/year and 5 kt MAA/year.Nagai (2001)
3.4.2 Alpha process
Lucite (formerly ICI, then INEOS, and now Mitsubishi) developed the ethylene-based “Alpha
process” that converts ethylene to methyl propionate through methoxycarbonylation coupled
carbonylation and esterification (Scheme 3.5) Nagai et Ui (2004).
Schème 3.5 – Alpha process reaction schemeNagai et Ui (2004)
The raw materials are ethylene, carbon monoxide, methanol and formaldehyde. Methyl pro-
pionate reacts with formaldehyde over a Pd homogeneous catalyst in close to anhydrous
conditions to form MMA Cavinato et Toniolo (2014). Bin et al. Bin et al. (2014) developed
a SBA–15 metal–doped cesium ion catalyst that converts methyl propionate with formalde-
hyde to MMA in the gas phase. The optimum catalyst composition consists of a mass fraction
of 15% Cs–loading (15% Zr–Fe–Cs/SBA–15) as a promoter and achieved 24% MMA yield
at 94% conversion after 3.5 h time–on–stream Bin et al. (2014). Gogate et al. Gogate et al.
(1997) reported a high yield of MAA (56%) over a V–Si–P catalyst for the aldol condensation
of methyl propionate with formaldehyde at 300 ◦C and 2 bar. The catalyst atomic ratio of
V :Si :P was 1 :10 :2.8.
Methyl propionate reacts with formaldehyde over Cs/SiO2 to MMA at 14% conversion and
86% selectivity.Ai (2005) Solid base catalysts promote vapor–phase aldol condensation of
methyl propionate with formaldehyde (Table 3.2) .
A cesium hydroxide catalyst produced the most MMA+MAA (85% selectivity at 19%methyl
propionate conversion) at a Cs/Si atomic ratio of 0.02 (Fig. 3.2). Although, increasing the
Cs content favored MP conversion, it decreased selectivity Ai (2005).
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Table 3.2 Effect of promoters on silica supported catalyst performance in the vapor–phase
aldol condensation of methyl propionate with formaldehyde.Ai (2005)
Promoter Based on methyl propionate feed, %Conversion MMA+MAA Selectivity
Mg 11 28
Ca 6 34
Ba 7 36
Na 10 17
K 15 54
Rb 15 68
Cs 14 86
Figure 3.2 Effect of Cs/Si ratio over silica–supported cesium hydroxide catalyst on
MMA+MAA selectivity and methyl propionate (MP) conversion with molar ratio of
MP/HCHO/methanol/water= 1/0.2/1.5/0.5 at 360 ◦C Ai (2005)
Silica minimizes side reactions and produces more MMA+MAA compared to other supports
(Table 3.3). Silica–alumina and zeolite 13X supports promote methanol dehydration to di-
methyl ether over acid sites but overall selectivity and yield are lower versus silica.Ai (2005)
Ca(OH)2 support is very active and hydrolyzes the methyl propionate completelyAi (2005).
Co–feeding water (10 vol%) decreases both the reaction rate and MMA+MAA selectivity
(Fig. 3.3). MMA hydrolyzes in water to MAA and methanol Ai (2005). Both MMA and MAA
yields increased with temperature from 320 ◦C to 380 ◦C with and without water (Fig. 3.3).
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Table 3.3 Performance of different catalyst supports Ai (2005)
Support Based on methyl propionate feed, %Conv. MMA+MAA Sel.
SiO2 14 85
SiO2–Al2O3 16 30
Al2O3 6 27
Zeolite 13X 15 0
SiC 2 0.0
Active carbon 11 6
Ca(OH)2 99 0
Figure 3.3 Effect of water addition in the reactor feed on MMA and MAA yield over silica–
supported cesium hydroxide catalyst at 360 ◦C Ai (2005)
Ai Ai (2006) studied the reaction of methyl propionate and methanol in the vapour phase over
Ag–Zr–Cs/SiO2 catalyst at an atomic ratio of 4/10/22/1000 which converts MeOH to HCHO
in the presence of oxygen at 360 ◦C . Ag–Zr–Cs/SiO2 catalyst deactivated after 20 h on stream
operating at 360 ◦C and feed rates of 50/75/250 mmol/h (methyl propionate/methanol/N2)
(Scheme 3.6–Fig. 3.4). High contact time favors MMA because the oxidative dehydrogenation
of methanol is faster than the aldol–condensation reaction Ai (2005).
From an industrial point of view, the key problems of the C2 routes are the low conversion
and short catalyst lifetime ; however, MAA selectivity is good Nagai (2001). An advantage
of the process is that it produces no MACEastham et al. (2013). Alpha technology was
commercialized in 2008 with a 100 kt y−1 MAA plant in Singapore and a joint venture
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between Lucite International and SABIC is building a 250 kt y−1 MAA plant Nagai et Ui
(2004).
Schème 3.6 – Direct conversion of methyl propionate and methanol to MMA Ai (2006)
Figure 3.4 MMA selectivity and MP conversion with time on stream over Ag–Zr–
Cs/SiO2 catalyst (with an atomic ratio of 4/10/22/1000) and a feed rate of methyl
propionate/methanol/N2= 50/75/250 mmol/h at 360 ◦C Ai (2006)
3.4.3 Research Triangle Institute (RTI)–Eastman–Bechtel route
Metal carbonyl catalyst converts ethylene to propionic acid in Reppe’s hydroxycarbonylation
reaction. Propionic acid and formaldehyde react to form MAA (Scheme 3.7) Nagai (2001).
This process has only three reaction steps, which is a considerable advantage over other
processes and commercialization is likely Spivey et al. (1997) :
1. Hydroxycarbonylation of ethylene to propionic acid
2. Condensation with formaldehyde to MAA
3. Esterification of MAA to MMA
MAA selectivity is higher in the Alpha process but capital costs are lower in the Eastman–
Bechtal route (Scheme 3.7). Furthermore, catalyst lifetime is short Spivey et al. (1997).
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Schème 3.7 – Reaction steps of the RTI–Eastman–Bechtel route Nagai (2001)
It operates in the gas phase between 300 ◦C to 400 ◦C over acid or base heterogeneous catalysts
Tai et Davis (2007); Ai et al. (2003). Amoco reported 91% MAA selectivity at 39% propionic
acid conversion over a Cs/SiO2–SnO2 catalyst Montag et Mckenna (1991). Mitsubishi Rayon
Co. Ltd developed a Si–Cs–W–Ag–O catalyst for which MAA selectivity was 98.8% at 41%
propionic acid conversion Nagai (2001). Toagosei Co. Ltd. synthesized a V–P–O/Zr–Al–O
catalyst for which the MAA selectivity was 66% with a formaldehyde conversion of 68%
Hiroshi et al. (1987). Nb/SiO2 and Ta/SiO2 catalysts have been developed for condensation
reactions in the gas phase Spivey et al. (1997). Daicel Co. reported propionic acid conversion
over an acid catalyst in the liquid phase at 180 ◦C for 1 h Nagai (2001). The catalyst was a
mixture of aluminum propionate and formaldehyde, and 5MAA yield reached 24%.
Acid catalysts for condensation reactions include metal oxides like vanadium–phosphorous
oxides–V2O2(P2O7), Nb2O5 and Ta2O5 Gogate et al. (1997); Wierzchowski et Zatorski (1991).
Base catalysts include alkali metal oxides or alkaline metal oxides supported on silica or
zeolite Ai et al. (2003); Junhui et al. (2006).
3.4.4 LiMA process
Evonik developed the so called LiMA process (Leading in Methacrylates) based on C2 hydro-
carbons. MMA yields are as high as 90% under mild conditions (liquid phase) and low CO2
emissions (2.6 t per MMA tone). The main feedstocks for the LiMA process are ethylene and
methanol. The process includes the following steps :
1. Reacting ethylene and synthesis gas to produce propionaldehyde (Hydroformylation
step) ;
2. Oxidizing methanol to formaldehyde ;
3. Converting propionaldehyde and formaline to form MAC (Mannich condensation step) ;
and,
4. Esterification of MAC with methanol to produce MMA.
Evonik piloted the process in Darmstadt (Germany) and now produces 160 000 kt per year.
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3.5 C−3 routes
3.5.1 Propane
Carbonylation of propane to isobutryaldehyde remains an option to produce MMA but so
far propane as a feedstock has had little success.Luzgin et al. (2000) Sulfated zirconia cata-
lyst carbonylates propane with CO to isobutyraldehyde and isobutyric acid between 100 ◦C
and 150 ◦C Luzgin et al. (2004). Low temperature favors isobutyraldehyde and selectivities
reach 76% at 100 ◦C Luzgin et al. (2004). An alternative is to produce acetone from propane
via methane–oxidizing methylomonas biocatalyst (sp. DH–1), for example Hur et al. (2017).
Average and specific acetone productivity of 0.678mmol h−1 and 0.141mmol h−1 g−1 cell have
been demonstrated. Photo–oxidation of propane over molybdenum oxides supported on meso-
porous alumina also produces acetone and propene Ichikuni et al. (2013). Mononuclear TiOx
with an Au promoter partially oxidizes propane to acetone at 30% selectivity Mashayekhi
et al. (2014).
3.5.2 Propylene
Propylene–as a raw material– requires adding a carbon atom to form a four–carbon metha-
crylate back–bone and include Mizuno et al. (2008); Millet et Védrine (2001) :
1. Hydroxy carbonylation of propylene to isobutyric acid
2. Oxidative dehydrogenation of isobutyric acid to MAA
3. Esterification of MAA to MMA
Research to carbonylate olefins over heterogeneous catalysts began in the early 1930s. Cata-
lysts comprise : Carpenter (1933a,b).
1. Metal complexes including polymers, amorphous oxides or zeolites and support ;
2. The analogues of liquid strong–acid catalysts.
Propylene carbonylation produces both n–butyric and isobutyric acid. To minimize the costs
and the complication of separating propylene, isobutryic acid, and MAA require high isobu-
tyric acid selectivity in the first step and full conversion in the third step. Lower temperature
favors higher isobutyric acid selectivity (54%) over 5% Pd on activated carbon (Table 3.4)
Stepanov (2002).
Impregnating Pd (active phase) on zeolite carbonylates propylene in the liquid phase :
1%Pd/0.8CaNaY and 1%Pd/HMOR catalysts reached 97% and 99% conversion and isobu-
tyric acid selectivity was 48% and 51%, respectively (Table 3.5) Stepanov (2002).
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Table 3.4 Propylene carbonylation over 5 % Pd/C catalyst Stepanov (2002)
Temp., ◦C C3H6 conversion, % i−C4H802 selectivity, %
100 98 54
120 99 51
150 100 50
200 100 45
Table 3.5 Propylene carbonylation over different zeolite supports Stepanov (2002)
Catalyst Propylene conversion, % Isobutyric acid selectivity, %
1%Pd / 0.8 CaNaY 97.0 47.7
1%Pd / HMOR 99.0 51.0
Propylene conversion and isobutyric acid selectivity were 55% and 29%, respectively over
palladium sulfonate catalyst ( P
Pd
= 4) Waller (1983). Chem System Inc. developed a BF3
catalyst complex (BF3 ·H2O) to carbonylate propylene for which the isobutyric acid selec-
tivity was 98% at 50 ◦C and 60 bar Jung et Peress (1981). Röhm Gmbh reached maximum
isobutyric acid yield (94%) over hydrogen fluoride at 120 ◦C Besecke et al. (1984).
Atochem and Rohm and Haas proposed a mechanism to produce MAA from propylene via
isobutyric acid (Scheme 3.8) Nagai (2001). The first step is the Koch reaction that operates at
low temperature. Low isobutyric acid yield and catalyst lifetime hinders its commercialization
Nagai (2001). Mixed oxides (Fe–P–O) and heteropoly acids (Mo–P–O, Mo–P–V–O) perform
well for the second reaction (isobutyric acid to MAA). Aboukais et al. (1994); Watzenberger
et al. (1990); Bayer et al. (1996); Lee et al. (1997); Roch-Marchal et al. (2000a); Laronze
et al. (2003); Roch-Marchal et al. (2000b); Marchal-Roch et al. (2000); Toshiaki et al. (2013)
Schème 3.8 – Reactions for propylene-based production of MAA
Sugiyama et al. calculated the Net Present Value (NPV) and Cumulative Energy Demand
(CED) to produce MAA from ethylene and propylene (Tables 3.6–3.7) Sugiyama et al. (2009).
They also considered global warming, acid rain and particle emissions in their analysis. The
process produces steam, which is a benefit with respect to CED but overall costs may still
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be too high to be commercially viable. Raw material costs with ethylene are lower and it
produces more steam compared to propylene. However, other costs and investment are higher
so the economics of the C−3 process are better with a production cost of 0.9 $/kg MMA.
3.5.3 Propyne
Shell developed propyne-based technology with MMA yield of 99% in a single step reaction
(Scheme 3.9) Drent (1988). This technology now belongs to INEOS.
Schème 3.9 – Reactions for propyne–based production of MAA Mizuno et al. (2009); Drent
(1988)
The methoxy carbonylation reaction includes propyne, carbon monoxide and methanol and
group VII metal catalyst systems like palladium acetate, organic phosphine and a protonic
acid Mizuno et al. (2009); Drent et al. (1994). Sumitomo Chemical Co. proposed a hybrid
process that coupled producing and converting propyne Mizuno et al. (2009). The process
includes thermal decomposition of hydrocarbons with three or more carbon atoms at 400 ◦C
to 1100 ◦C and 0.05MPa to 0.3MPa that forms at least a mass fraction of 2% propyne and
propadiene in the eﬄuent. Several distillation and isomerization steps separate and purify
the propyne Mizuno et al. (2009). Catalyst for the carbonylation step contains 0.01% or
less palladium and a ligand like diaryl (alkyl–substituted 2–pyridyl) phosphine Mizuno et al.
(2009). The maximum reaction temperature is 100 ◦C to limit MMA polymerization. The
conversion of propyne and yield of MMA were 66% and 73%, respectively Mizuno et al.
(2009). The key limitation of the propyne approach is the limited supply of propyne. Thermal
decomposition of naphta and ethane produce only 23–33 kt and 1 kt propyne per 1000 kt
ethylene, respectively Mizuno et al. (2009).
Table 3.6 Operating costs of C−2 and C−3 routes to MAA (2009) Sugiyama et al. (2009)
Route Raw material cost* Catalyst cost* Steam cost* Others cost* Income by produced steam* Total*
Propylene ca. -0.9 ca. -0.05 ca. -0.01 ca. -0.06 ca. +0.06 ca. 0.9
Ethylene ca. -0.7 ca. -0.2 ca. -0.1 ca. -0.18 ca. +0.18 ca. 1
*units are ($/kg MMA)
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Table 3.7 Investment and overall costs of C−2 and C−3 routes to MAA : 100 kt annual
production Sugiyama et al. (2009)
Route Ethylene Propylene
Cradle–to–gate CED (MJ–eq/kg MMA) 98 ca. 90
NPV (million $) 120 115
Investment cost (million $) 205 290
Environmental issues, process yield, costs related to raw materials, operation, waste removal,
and capital are limiting factors to commercializing these processes Considine (2006). Like the
ethylene process, catalyst lifetime is short and process yields are low Considine (2006).
3.6 C−4
3.6.1 Isobutene/t-butanol routes
Nippon Shokubai Kagaku Kogyo Co. Wilczynski et Juliette (2011); Kurimoto et al. (1989);
Nagai et Ui (2004) proposed oxidizing isobutylene to MAA and MMA in 1982, and Mitsubishi
Rayon Co. quickly followed with an alternative in 1983 (Scheme 3.10) Oh-Kita et Taniguchi
(1992); Nagai et Ui (2004). Japan Methacrylic Monomer Co. (a joint venture of Nippon
Shokubai and Sumitomo Chemical Co.) established a plant to produce MAA and MMA
from isobutylene in 1984. Asahi (in 1998) and Thai MMA (in 1999) built several plants to
oxidize isobutene to MAA and MMA Wilczynski et Juliette (2011); Nagai et Ui (2004) : in
the first step of the two step process, MAC forms from either isobutene or tert-butyl alcohol.
In the second step MAC oxyesterifies to MMA. Recently, Evonik filed a patent to produce
MMA by esterification during oxidation Balduf (2008).
Matar et al. also studied this three step process in which bismuth molybdate partially oxi-
dizes isobutene to MAC at between 350 ◦C to 400 ◦C and atmospheric pressure. Heteropoly
compounds catalysts MAC to MAA between 250 ◦C to 350 ◦C followed by esterification of
MAA to MMA (Scheme 3.10) Matar et Hatch (2001).
22
Schème 3.10 – Process of oxidation of isobutene to MMA/MAA Wilczynski et Juliette
(2011); Matar et Hatch (2001)
At 380 ◦C, vanadium pyrophosphate (VPP) converts 33% isobutene at a MAC selectivity of
24% and MAA selectivity 16% Guan et al. (2008c). The V5+ ions on the surface promote
the formation of MAC but high V5+ on the surface can also oxidize MAC further.
Corberan et al. tested the MoO3−UO3/SiO2 catalyst in an isothermal reactor in the range of
320–380 ◦C. Selectivity to MAA was less than 1%. They proposed the following mechanism
(Scheme. 3.11) Corberán et al. (1984).
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Schème 3.11 – Reaction network of isobutene to MAA over MoO3−UO3/SiO2 Corberán
et al. (1984). Reprinted with permission from ref. 75 Copyright 1984 American Chemical
Society.
An iron cobalt potassium molybdate catalyst (Co−Fe−K−Mo) reached a MAA+MAC yield
of 10% Breiter et Lintz (1995). Adding bismuth tungstate (a mass fraction of 27% BiW2Ox)
increased the yield to 67% with an isobutene conversion of 92% at 420 ◦C (Fig. 3.5) Breiter
et Lintz (1995).
Figure 3.5 Effect of BiW2Ox content in Fe0.35Co6K0.5Mo12Ox on isobutene conversion and
MAA+MAC yield over isobutene/O2/inert= 5%/10%/85% Breiter et Lintz (1995)
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Peng et al., tested CsFeCoBiMnMoOx catalysts at around 350 ◦C. In the first step of their
process, Mo−Bi catalyst oxidizes isobutene to MAC and in the second step, P−Mo heteropo-
lyacid structured catalysts oxidize MAC to MAAPeng et al. (2004). The isobutene conversion
increased with temperature from 34% to 98% Peng et al. (2004). However, the selectivity to
MAC was invariant (∼ 80%) ; so, MAC yield increased from 28% to 80%. The maximum
yield to MAC and MAA was 80% and 8%, respectively over Cs0.1Fe2Co6BiMnMo12Ox. They
proposed a mechanism in which isobutene chemically adsorbs to the surface. The catalyst
extracts α–hydrogen atoms then inserts oxygen Peng et al. (2004). They suggested that Bi3+
cations accelerate these steps. Both iron and molybdenum promote oxygen exchange between
the gas phase and surface following a redox couple– Fe3+/Fe2+ and Mo4+/Mo2+ (Scheme 3.12)
Peng et al. (2004).
Schème 3.12 – Reaction schematic for the proposed redox recycle Peng et al. (2004)
MoO3 was a poor catalyst and the maximum MAA and MAC selectivity were 1.3% and
38%, respectively Guan et al. (2008a). Adding vanadium increased selectivity of MAA and
MAC to 2.6% and 49%, respectively Guan et al. (2008a,d). Increasing the vanadium content
beyond MoV0.3 decreased conversion and selectivity. Other studies confirmed this trend and
achieved MAA and MAC selectivity of 1.9% and 27%, respectively, at 52% conversion Guan
et al. (2009a, 2008b). Adding tellurium–MoV0.3Te0.25– increased conversion to 69% at 420 ◦C
and improved MAA and MAC selectivity to 3% and 65%, respectively (Table 3.8) Guan
et al. (2009a). Data confirmed the positive effect of Te4+–containing phases on the oxidation
of isobutene to MAA and MAC.
Guan et al. studied the effect of cerium–MoTe0.23Ce0.2, MoV0.23Ce0.2 and MoV0.3Te0.23Ce0.2–
and found that the MAC was the primary product for all catalysts and its selectivity increa-
sed gradually with decreasing isobutylene conversion Guan et al. (2007c). Adding cerium to
MoV0.3Te0.23 improved catalytic performance because of the higher Mo6+/Mo5+ surface ato-
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Table 3.8 Effect of tellurium content in MoV0.3Tex catalysts on isobutene conversion and
product selectivity Guan et al. (2009a)
x Conversion, % Selectivity, % Sum of yield, %MAA MAC COx MAA+MAC
0 52 1.9 27 46 15
0.15 71 2.2 40 41 30
0.17 77 2.3 43 37 35
0.2 75 2.4 52 32 41
0.23 70 2.6 58 27 43
0.25 69 2.9 65 23 46
0.3 48 1.4 57 30 28
0.35 46 1.3 56 31 26
0.4 46 1.2 55 32 26
mic ratio at high reactant conversion. They proposed that Mo6+ is involved in the selective
oxygen insertion of olefinic intermediates Guan et al. (2007c).
The MAA and MAC selectivity varied with cations in the PVMo11(O40)4– anion structure.
The cations were ranked in terms of selectivity as follows : K+>NH +4 >Cs+>Ti+ Dayun
et al. (2000). Adding arsenic to H3PMo12O40 increased MAA yield and decreased bypro-
ducts. Adding potassium and vanadium to the PMo12As0.6Cu0.1Ox structure affects catalyst
performance. K0.33V0.11PMo12As0.6Cu0.1Ox was the best for which MAA and MAC yields
were 20% and 48%, respectively under optimal reaction conditions (Table 3.9) Dayun et al.
(2000).
Precipitation of K(NH4)2PMo12O40 over FeO1.5 (as a support) increased MAA and MAC
selectivities that reached 21% and 14%, respectively at 11.5% isobutene conversion and
350 ◦C Busca et al. (1996).
From the process point of view, oxidizing isobutylene to MAA suffers from short catalyst
Table 3.9 MAA and MAC yields over KyVzPMo12As0.6Cu0.1Ox Dayun et al. (2000)
Catalyst Yield, %
KyVz MAA MAC COx
K2.41V0.96 17 30 36
K0.54V0.17 12 35 46
K0.33V0.11 19 48 20
K0.21V0.07 13 43 32
K0.16V0.11 12 46 34
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lifetime, higher separation costs, and power for compression ; but the exothermic reaction
allows for heat recovery Nagai et Ui (2004).
In a two step process with isobutene/t-butanol feedstocks, MAC reaches high selectivity
(first step) while minimizing MAA because full conversion of the C4 substrate eliminates a
separation step. The main difficulty remains to convert all the MAC produced in the first
step to MAA in the second step. This process produces less than the other C4 processes
because the second step runs at low temperature to achieve high selectivity.
3.6.2 Oxidation/Oxidative estrification of MAC to MAA/MMA
MAC is the main intermediate to produce MAA ; however, the yield of MAC → MAA is
low ; therefore synthesizing a proper catalyst to maximize selectivity and conversion is neces-
sary Naitou et al. (2010). Keggin–type heteropolycompounds catalysts are promising for this
reaction where partially inserting cesium changes the structure and catalytic performance
Xiaojun et al. (2008); Aoki (1998); Kozhevnikov (1998). Increasing Cs increased the surface
area and decreased the acidity and reducibility of H3.2-xCsxCu0.25As0.1PMo11VO40 (x=0–2.5)
in the oxidative-esterification reaction (Table 3.10).
Table 3.10 Catalytic activity in the conversion of MAC to MMA and MAA over
H3.2-xCsxCu0.25As0.1PMo11VO40 catalysts Xiaojun et al. (2008)
x MAC Conversion, % MMA Selectivity, % MAA Selectivity, %
0 60 39 28
0.5 85 45 38
1.5 93 45 46
2.5 89 31 56
Illies et al. studied the effect of operating conditions over Cs1Mo12P1.5V0.6Cu0.5Sb on MAC
conversion and MAA selectivity. High temperature (<320 ◦C) favors MAC conversion and
MAA selectivity (Fig. 3.6) Illies et Kraushaar-Czarnetzki (2016).
Co–feeding acetic acid at 300 ◦C had no effect on MAC conversion or MAA selectivity Illies
et Kraushaar-Czarnetzki (2016) but water vapor in the feed decreased MAA degradation
on active sites Kim et al. (1985); Jaroslav et al. (1993); Misono (2001). The stoichiometric
feed ratio (MAC :O2= 1 :0.5) is insufficient to achieve 100% MAA selectivity. High oxygen
concentrations favor MAA selectivity and MAC conversion. MAC conversion dropped from
81% to 63% after 192 days.
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Figure 3.6 MAC conversion versus MAA selectivity at temperatures, 3.4% V/V MAC and
MAC :O2=1 :2 Illies et Kraushaar-Czarnetzki (2016)
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NH +4 ions in the catalyst structure (Cs(NH4)xH3-xPMo11VO40) influence the surface area,
acidity and active species (V4+/VO4) Cao et al. (2017). At an intermediate concentration of
ammonium (x=1.5), MAA selectivity and MAC conversion were highest at 93% and 83%,
respectively. Both conversion and selectivity were stable during 100 h of reaction (Fig. 3.7)
Cao et al. (2017).
Cu– and Fe–doped acidic cesium salts of molybdovanadophosphoric acids (CsH3PMo11VO40)
were calcined at 360 ◦C for 12 h in air or N2 Zhang et al. (2013). Cu and Fe doping favored the
redox properties and selective oxidation of MAC to MAA (Table 3.11) Zhang et al. (2013).
Table 3.11 Catalytic activity of catalysts in selective oxidation of MAC to MAA Zhang et al.
(2013)
Catalyst Ammonium source Calcination atmosphere MAC Conversion, % MMA Selectivity, %
CsCuFePMoV —- air 60 46
N2 73 58
CsCuFePMoV–NV NH4VO3 air 86 87
N2 91 83
CsCuFePMoV–NN NH4NO3 air 73 68
N2 88 75
CsCuFePMoV–NH NH3(25wt%) air 77 85
N2 82 90
CsCuFePMoV–NV NH4VO3 air 60 77
Calcining in N2 reduced the MoO3 phase concentration of the CsCuFePMoV–NN but it di-
sappeared entirely in the CsCuFePMoV–NH catalyst, which improved activityZhang et al.
(2013). Zheng et al., studied transition metal (M=Fe, Co, Ni, Cu, Zn) insertion into hete-
ropoly compounds– Cs1M x+0.5 H3-0.5xP1.2Mo11VO40 and Cs1CuyH3-2yP1.2Mo11VO40 (y= 0.1,
0.3, 0.7) Yanxia et al. (2016). The metal–doped catalysts represented the Keggin struc-
ture and the catalysts with Fe and Cu promoters included cubic secondary structures while
Co, Ni or Zn promoters produced both triclinic and cubic phases Yanxia et al. (2016).
Metal doping changed the acidity of heteropoly compounds in the following order Yanxia
et al. (2016) : Cs1H3P1.2Mo11VO40 < CsPMoVO–Zn < CsPMoVO–Cu < CsPMoVO–Fe <
CsPMoVO–Ni < CsPMoVO–Co and MAC conversion and MAA selectivity varied with me-
tal doping (Fig. 3.8) Yanxia et al. (2016). Iron improved the redox properties and increased
the electron transfer in Fe3+–O–Mo5+ by Fe–doping, respectively Huynh et Millet (2005).
Co, Ni, and Zn metals decreased the catalytic activity because MoO3 formed. Increasing
the content of copper in the catalyst structure reduced the activity and the strength of
the acid sites for the Cs1CuyH3-2yP1.2Mo11VO40 catalysts as follows Yanxia et al. (2016) :
y=0.7<y=0.3<y=0.5<y=0.1.
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Figure 3.7 MAC conversion and MAA selectivity over the catalysts with different value of x
Cao et al. (2017)
Figure 3.8 The selective oxidation of MAC to MAA over mixed oxide catalysts Yanxia et al.
(2016)
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A moderate concentration of copper (y= 0.3) favored the selective oxidation of MAC to MAA
and MAC conversion reached (89%) and MAA selectivity (74%) (Table 3.12) Yanxia et al.
(2016) ; MoO3 formed when y>0.5 and consequently MAA selectivity decreased.
Increasing the calcination temperature accelerated vanadium migration from inside the Keg-
gin structure to the secondary structure and thereby surface vanadyl species formed. Conse-
quently, the vanadyl species in the secondary structure of the catalysts oxidized MAC to
MAA.
Producing MMA via the direct oxidative esterification process is attractive because of it
energy efficiency and low environmental footprint. The main research focus is to improve
catalyst activity to react MeOH with MAC Diao et al. (2013). Several studies have synthesi-
zed supported and bimetallic catalysts to partially oxidize MAC Diao et al. (2013); Miyake
et Asakawa (2005); Wei et al. (2006); Haifeng et al. (2006). Catalyst activity varies with
morphology (pore size distribution, surface area, etc.), support, synthesis procedure and the
nature of the precursor Nikolay et al. (2013); Dung et al. (2011); Prasad et al. (2011); Chuan-
jing et al. (2007); Yu et al. (2011a). MMA selectivity exceeds 80% at 86% MAC conversion
over Pd–Pb catalysts supported on Mg–Al2O3 (Table 3.13) Yanyan et al. (2015).
Table 3.12 Catalytic activity of Cs1CuyH3-2yP1.2Mo11VO40 in the selective oxidation of MAC
to MAA Yanxia et al. (2016)
y MAC Conversion, % MMA Selectivity, %
0.1 93 65
0.3 89 74
0.5 83 79
0.7 91 51
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Table 3.13 The direct oxidative esterification of MAC with MeOH in air to MMA. Reaction
conditions : 2.5 g catalyst, 15.5ml MAC, and 60ml MeOH at 80 ◦C under 0.3MPa for 2.0 h
Yanyan et al. (2015)
Catalyst Precursor MAC Conversion, %MAA Selectivity, %
5%Pd/Al2O3 Na2PdCl4 34 42
5%Pd–5% Pb/Al2O3 Na2PdCl4 65 68
5%Pd–5% Bi/Al2O3 Na2PdCl4 37 49
5%Pd–5% Pb/MgO–Al2O3 Na2PdCl4 94 81
5%Pd–5% Pb/ZnO–Al2O3 Na2PdCl4 85 76
5%Pd–5% Pb/K2O–Al2O3 Na2PdCl4 84 75
5%Pd–5% Pb/ZSM-5 Na2PdCl4 41 65
5%Pd–5% Pb/MgO–Al2O3–SiO2 Na2PdCl4 67 75
5%Pd–5% Pb/MgO–Al2O3 H2PdCl4 86 81
5%Pd–5% Pb/MgO–Al2O3 Pd(NH3)4Cl2 26 30
Supported noble metal catalysts are highly active, which makes them likely candidates for
commercial application Garetto et al. (2009); Simson et al. (2011); Lee et al. (2012); Doronkin
et al. (2012); Fan et al. (2012). The major deactivation mechanisms include : metal crystal-
lite growth, metal leaching from the catalyst structure, oligomerization of MAC and MMA
on the surface, and irreversible adsorption of other intermediates. Conversion decreased and
the selectivity increased as the Pd–Pb/γ–Al2O3 deactivates during repeat runs for the direct
oxidative esterification of MAC with methanol in air (Fig. 3.9) Diao et al. (2013) : MAC
conversion dropped from 94% to 81%. MMA selectivity increased as MeOH chemically ad-
sorbs to the catalyst forming Pd–H bonds Diao et al. (2013). Catalysts regenerate in MeOH
and hydrazine solutions and calcination in air at 500 ◦C. Catalyst activity and selectivity are
highest after the MeOH soak, likely due to Pd–H bonds forming. As PdOx and PbOx reduce
to bimetallic Pd3Pb crystallite formation Diao et al. (2013).
Asahi Chemical developed a catalyst including Pd-Pb as the active phase that achieved 93%
MMA yield Tamura et al. (1979). Among all of the catalysts available in their laboratory,
a Lindlar hydrogenation catalyst (a Pd-Pb type for acetylenic compounds) performed best.
Based on their initial screening program they optimized the composition to Pd3Pb. They
developed other catalysts, like Au/NiOx, with better selectivity, activity, stability, yield, and
feedstock utilization. The performance of the Au/NiOxat the industrial scale was verified in
a 100 kt/y MMA plant in 2008.
Li et al. loaded MgO, (NH4)2SO4, and MoO3 promoters onto Au/Ce1-xZrxO2 and studied
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Figure 3.9 Pd–Pb/γ–Al2O3 catalyst deactivation in the batch process of direct oxidative
esterification of MAC with methanol in air Diao et al. (2013)
the oxidative esterification of MAC with methanol to MMA Yuchao et al. (2016). The Mg
promoter provided the highest catalytic activity including both high MAC conversion (98%)
and high MMA selectivity (90%) as well as the best low temperature redox activity that
generate oxygen species on Au nanoparticles. (Table 3.14)Yuchao et al. (2016).
Al2O3 Diao et al. (2009), ZnO Yanyan et al. (2015), MgO R. et Endalkachew (2004) and SiO2
Atsutaka et al. (1990) as hydrophilic catalyst supports and a porous styrene-divinyl benzene
copolymer (SDB) as a hydrophobic support have also been studied Huang et al. (2000); Xie
et al. (2001); Lin et al. (1999). The advantage of a hydrophobic catalyst support relates to
by–product water that diffuses inside and decreases the accessibility of active sites to the
products. Asahi Chemical developed a supported composite particle material (NiOAu/SiO2–
Al2O3–MgO) including 1.05wt% nickel and 0.91wt% gold to convert MAC to MMA Suzuki
et Yamaguchi (2013). It produced 9.5mol h−1 kg−1 after 2000 h on stream at 75% conversion
Suzuki et Yamaguchi (2013).
Table 3.14 Oxidative esterification of MAC with methanol to MMA over different catalysts
Yuchao et al. (2016)
Catalyst Conversion, % MMA selectivity, % Acetal selectivity, %
Au/CZ 78.5 66.9 18.5
Au/MgCZ 98.1 89.9 3.1
Au/SCZ 79.9 82.6 5.1
Au/MoCZ 79.2 78.6 13.2
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Several patents claim Pb and Bi promote catalytic activity of Pd-based supported catalysts
for selective oxidation reactions Baer et al. (1985); Broecker et al. (1987); Yoshida et al.
(2002); Mikami et al. (1999); Aoshima et al. (1985). Wang et al. reported MMA production
in the direct oxidative esterification of MAC with methanol and oxygen over Pb and Bi–
doped hydrophobic styrene–divinyl benzene copolymer (SDB) under mild conditions Wang
et al. (2013). They prepared catalysts with Pb, Pd and Bi promoters over SDB (hydrophobic)
or Al2O3 and SiO2 (hydrophilic) by incipient impregnation Wang et al. (2013) (Table 3.15).
Table 3.15 Catalytic performance of different supported catalysts Wang et al. (2013)
Catalyst MAC Conversion, % MMA Selectivity, %
SDB(X–5) 87 91
SDB(NKA) 88 91
SDB(D3520) 76 89
SDB(D4006) 72 88
γ–Al2O3 5 79
SiO2 3 59
The excellent performance of SDB supports confirms the utility of hydrophobicity. Promoters
improve catalytic activity when compared with mono–metallic and bi–metallic catalysts,
which we attribute to the adsorption and transfer of electrons on the multi–metallic catalysts
(Table 3.16)Wang et al. (2013).
Table 3.16 Effect of promoters on catalytic activity Wang et al. (2013)
Catalyst MAC Conversion, % MMA Selectivity, %
Bi/SDB(X–5) 0 0
Pb/SDB(X–5) 0 0
Pd3/SDB(X–5) 43 54
Pd3Pb0.6/SDB(X–5) 79 86
Pd3Bi1.5/SDB(X–5) 53 71
Pd3Pb0.6Bi1.5/SDB(X–5) 87 91
Reaction conditions : T=323 K, pH=10.5, O2 flow rate=6 mLmin–1 and molar ratio methanol/MAC of 40.
Increasing reduction temperature from 120 ◦C to 200 ◦C improved MAC conversion and MMA
selectivity as the precursor reduced to the optimal metal valence. Higher temperatures
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(>240 ◦C) sintered the Pd promoter and depolymerized the catalyst support (Fig. 3.10a)
Wang et al. (2013). Longer time favored the complete reduction of metals (Fig. 3.10b) Wang
et al. (2013).
Jiang et al. Li et al. (2014) prepared Pd–Pb/MgO–SBA–15 supported catalysts varying Mg
loading, Mg precursors and molar concentration of hydrochloric acid (MgO–SBA–15(X–P)–
Y). X and Y are Mg2+ and HCl molar ratio, respectively based on TEOS in the synthesis
mixture Li et al. (2014). Pd and Pb loading were 5wt% of MgO–SBA–15 supports. Table 3.17
represents the catalytic performance of catalysts in the oxidative esterification of MAC to
MMA with methanol and oxygen at 80 ◦C and 0.3MPa for 2 h Li et al. (2014).
Magnesium acetate created the highest surface area (402m2 g−1) and total pore volume
(0.72 cm3g–1) compared with other Mg sources. Consequently, MAC conversion was highest
at 68% and MMA selectivity was 72%. The highest MAC conversion (79%) and MMA
selectivity (72%) have been reported over catalyst which was prepared using hydrochlo-
ric acid molar concentration of 0.8molL–1 Li et al. (2014). Low HCl molar concentration
(<0.8mol L−1) led to non–uniform dispersion and large particle size of Pd3Pb.
Table 3.17 Catalytic activity of catalysts in the oxidative esterification of MAC to MMA with
methanol and oxygen Li et al. (2014)
Catalyst MAC Conversion, % MMA Selectivity, %
Pd–Pb/MgO–SBA-15(0.150-N) 68 67
Pd–Pb/MgO–SBA-15(0.150-Cl) 76 67
Pd–Pb/MgO–SBA-15(0.150-A) 68 72
Pd–Pb/MgO–SBA-15(0-A) 0 49
Pd–Pb/MgO–SBA-15(0.015-A) 36 63
Pd–Pb/MgO–SBA-15(0.075-A) 55 63
Pd–Pb/MgO–SBA-15(0.300-A) 72 67
Pd–Pb/MgO–SBA-15(0.450-A) 83 52
Pd–Pb/MgO–SBA-15(0.150-A)-1.6M 68 72
Pd–Pb/MgO–SBA-15(0.150-A)-0.8M 78 72
Pd–Pb/MgO–SBA-15(0.150-A)-0.4M 77 58
3.6.3 Isobutane Partial Oxidation
Partial oxidation of isobutane to MAA and MAC is a compelling alternative chemistry due
to the improved atom–economy. Moreover, it is inexpensive and it would have a lower en-
vironmental impact than other fossil feedstocks and optimally converts to MAA in a single
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Figure 3.10 Catalytic performance of Pd3Pb0.6Bi1.5/SDB(X–5) as a function of reduction
temperature (a) and time (b) Wang et al. (2013)
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step Sultan et al. (2004); Cavani et al. (2001f); Vedrine et Fechete (2016); Kendel et Brown
(2011); Yamamatsu et Yamaguchi (1990, 1993). In the first step, catalyst extracts hydrogen
from the compound to form a double bond. In the following steps the adjacent methyl group
partially oxidizes to a carboxyl group (allylic oxidation). Acidic and bi–functional catalysts
are necessary to activate the C−H bond Mizuno et Mison (1998); Misono (2001); Vanhove
(1996). Redox properties also have an inevitable effect on the oxygen insertion reactions
which generate the oxidized products Mizuno et Mison (1998); Mizuno et al. (1998); Jing
et al. (2014a); Wang et al. (2016); He et al. (2015).
Keggin–type heteropolyacids, mixed metal oxides and VPP are the most common catalysts
to oxidize isobutane to MAA and MAC Okuhara et al. (1996); Saadatkhah et al. (2017).
Operating conditions (reaction temperature, feed composition, time–on–stream and residence
time) also affect the MAA and MAC selectivity and reactant conversion. Mixed metal oxides
and vanadium pyrophosphate (VPP) favor oxidizing isobutane to MAC but not to MAA.
Heteropoly compounds are the most effective catalyst to oxidize isobutane to MAA Schindler
et al. (2003); Guan et al. (2007a, 2008d, 2009d).
Heteropolycompound catalysts for oxidizing isobutane to MAA and MAC
Phosphomolybdic acid (H3PMo12O40), as a basic Keggin structure, performed well when oxi-
dizing MAC to MAA Kanno et al. (2010) but not for isobutane oxidation as the catalyst
stability was poor but more importantly the maximum yield of MAA and MAC were only
6.2% and 1.2%, respectively Kozhevnikov et al. (1996); Kendell et al. (2008); Sun et al.
(2002); Mizuno et al. (1996b); Ding et al. (2016); Krieger et Kirch (1979). Studies corre-
lated the catalyst performance with their physico–chemical features Inumaru et al. (1998);
Bielmeier et al. (1995); Sultan et al. (1999); Langpape et al. (1999).
Reduced H3PMo12O40 formed by the heat–treatment of pyridinium or quinolinium salts was
active in which the selectivity of MAA was 58% at 12% conversion of isobutane at 300 ◦C
(Table 7.1) Li et Ueda (1997); Li et al. (1999). Higher activity and selectivity were due to the
stable reduced state and structure of the activated heteropoly molybdophosphate catalyst.
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Table 3.18 Selectivity of MAA and MAC over pyridinium 12–molybdophosphates as a func-
tion of temperature and feed concentration Li et Ueda (1997)
Feed comp. (mol %) Temp. ◦C Conversion, % Selectivity, %C4/O2/H2O/inert MAA MAC COx
2.2/7/33.5/57.3 280 8 56 7 25
2.2/7/33.5/57.3 300 17 53 13 19
2.2/7/33.5/57.3 340 47 18 3 36
2.2/13.7/33.5/50.6 300 22 51 0 23
2.2/20.7/33.5/43.6 300 28 34 0 28
2.2/13.7/33.5/50.6 300 12 58 0.4 21
2.2/13.7/33.5/50.6 300 11 51 14 19
Inserting metal ions such as cesium, vanadium, and iron into the H3PMo12O40 catalyst impro-
ved the catalyst’s performance Huynh et al. (2009a,b); Mizuno et al. (1996b); Etienne et al.
(2003); Li et Ueda (1997); Langpape et Millet (2000); Paul et al. (1997); Punniyamurthy
et al. (2005). Below we identify the effect of each metal ion in Keggin–type catalyst and the
reaction conditions on product selectivity and conversion of reactant. Li et Ueda (1997).
Effect of cesium and ammonium on catalyst performance Inserting cesium (Cs+)
and ammonium (NH +4 ) with H+ in H3PMo12O40 improved both activity and carboxylic acid
selectivity Okuhara et al. (2000); Sultan et al. (2004). Several catalysts have been prepared
and tested to maximize the selectivity of the desired products (Table 3.19). Mizuno et al.
tested CsxH3-xPMo12O40 catalysts and the optimum was Cs2.5H0.5PMo12O40 for which the
conversion and selectivity reached 16% and 24% after 4 h, respectively Mizuno et al. (1996b).
The Cs2.5H0.5PMo12O40 performance changes with feed composition which, under isobutane–
lean conditions, the maximum yield of MAA+MAC was 1.3% and the conversion was 6%,
whereas, under the isobutane–rich conditions the conversion of isobutane and MAA+MAC
yield were 6.5% and 3.9%, respectively Min et Mizuno (2001a).
Ammonium in the catalyst structure ((NH4)3PMo12O40) required a time–on–stream of 80–
100 h in both isobutane–rich and lean conditions in order to reach steady state Cavani et al.
(2000, 2001f). In isobutane–rich conditions, conversion and MAA selectivity increased slightly
and reached 6.5% and 43%, respectively, at 380 ◦C (Fig. 3.11a) Cavani et al. (2000). Other-
wise, in isobutane–lean conditions, catalyst conversion was invariant ( 7%), while the selec-
tivity of MAA decreased from 24% and dropped to 5% at steady state (Fig. 3.11b) Cavani
et al. (2000). They suggested that under isobutane–rich conditions, ammonium reduced the
active phase that improved catalyst performance Cavani et al. (2000, 2001f).
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Table 3.19 Selectivity of MAA and MAC with substituting of Cs+ and NH+4 in H3PMo12O40
catalyst
Catalyst Temp., ◦CConversion, % Selectivity, % Sum of yields, %MAA+MAC Ref.MAAMACCOx
H3PMo12O40 340 7 4 18 70 1.5 Mizuno et al. (1996b); Mizuno et Yahiro (1998); Min et Mizuno (2001a); Mizuno et Mison (1998)
H3PMo12O40 340 4.1 4 12 NA 0.6 Sultan et al. (2004)
H3PMo12O40 310 1.3 11 16 61 0.4 Huynh et al. (2009a)
H3PMo12O40 345 3.5 9 9 67 0.6 Huynh et al. (2009a)
H3PMo12O40 355 4.4 6 10 66 0.7 Huynh et al. (2009a)
H3PMo12O40 310 5.1 12 10 66 1.1 Ding et al. (2016)
H3PMo12O40 340 5 3 7 82 0.5 Langpape et Millet (2000)
(NH4)3PMo12O40 340 3.8 33 21 NA 2 Sultan et al. (2004)
CsH2PMo12O40 340 6 23 17 50 2.4 Mizuno et al. (1996b); Min et Mizuno (2001a); Mizuno et Mison (1998)
Cs2HPMo12O40 340 11 34 10 50 4.8 Mizuno et al. (1996b); Min et Mizuno (2001a); Mizuno et Mison (1998)
Cs2HPMo12O40 340 7 12 14 61 1.8 Langpape et Millet (2000)
Cs2.5H0.5PMo12O40 340 16 24 7 62 5.1 Mizuno et al. (1996b); Min et Mizuno (2001a); Mizuno et Mison (1998)
Cs2.5H0.5PMo12O40 340 10 0 15 42 1.5 Min et Mizuno (2001a,b)
Cs2.5H0.5PMo12O40 340 10.3 12 10 68 2.3 Langpape et al. (1999)
Cs2.85H0.15PMo12O40 340 17 5 10 81 2.4 Mizuno et al. (1996b); Min et Mizuno (2001a); Mizuno et Mison (1998)
Cs3PMo12O40 340 8 0 10 67 0.8 Mizuno et al. (1996b); Min et Mizuno (2001a); Mizuno et Mison (1998)
All studies agree that Cs+ forms an alkaline salt in the catalyst structure (Cs3PMo12O40)
which acts as a support and thermally stabilizes the catalyst over which the active phase
disperses ((NH4)3PMo12O40 or H3PMo12O40) Mizuno et Yahiro (1998); Misono (2001); Mi-
zuno et Mison (1998); Paul et al. (2010); Okuhara (2002). Cesium increased catalytic activity
for which the surface oxidizing ability and protonic acidity are controlling factors Paul et al.
(2010); Okuhara et al. (2000); Okuhara (2002); Alsalme et al. (2010). However, a high content
of Cs is unfavorable Mizuno et al. (1996b); Min et Mizuno (2001a,b). NH +4 ions enhance MAA
selectivity by increasing the surface area Jing et al. (2014b, 2013); Cavani et al. (2001f).
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Figure 3.11 Conversion and product selectivity over (NH4)3PMo12O40 at 380 ◦C un-
der a) isobutane–rich (isobutane/O2/H2O= 26%/13%/12% and b) isobutane–lean
(isobutane/O2/H2O= 1%/13%/12%) conditions Cavani et al. (2000, 2001f).
Low pH reduces the number of active sites since the Keggin–structure partially decomposes
as molybdenum migrates from the Keggin anion into the cationic position of the structure
and forms crystalline MoO3 Cavani et al. (2001f,a). During the first several hours, conversion
and selectivity are higher for catalyst prepared under mildly acid conditions. After 20 h,
the heteropolyacid catalyst prepared at a pH<1 achieved the same catalytic activity as the
catalyst prepared under mild conditions (Fig. 3.12). Catalytic activity of the two catalysts
were the same after 80 h time-on-stream : isobutane conversion reached 7% and the MAA
and MAC approached 40% and 10%, respectively over isobutane–rich condition at a mild
pH Cavani et al. (2001f).
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Figure 3.12 Conversion and product selectivity over (NH4)3PMo12O40 at 380 ◦C over a)
catalyst prepared at strongly acid pH, and b) catalyst prepared at mildly acid pH
(isobutane/O2/H2O= 26%/13%/12%) Cavani et al. (2001f).
Effect of cesium on Keggin–type catalyst containing vanadium Partial insertion
of vanadium ions (V5+) with Mo accelerates the oxidation of MAC to MAA and suppresses
the consecutive oxidation of MAC and MAA to COx Mizuno et al. (1996b). Vanadium re-
duces molybdenum from Mo6+ to Mo5+, which improves their redox properties during cal-
cination Cavani (1998); Chieregato et al. (2015). Inserting V5+ into H3PMo12O40 formed
H4PVMo11O40. Vanadium occupies the cationic position and acts as an active site after high
temperature expels it from the primary structure. Substituting Cs+ for H+ in H4PMo11VO40
improved performance compared to the V–free sample in terms of MAA and MAC selecti-
vities Mizuno et al. (1996b); Mizuno et Yahiro (1998). Several studies have investigated the
effect of vanadium (in the presence of other ions such as Cs and NH4) on performance over
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a range of feed compositions and reaction temperatures (Table 3.20).
Cs+ as a counter–ion in the presence of V in CsxH1-xVO[PMo12O40] achieved the highest MAA
and MAC selectivity : selectivity decreased as x increased from 0 to 0.5. It then increased and
reached a maximum of 76% (MAA+MAC) for Cs0.75H0.25VO[PMo12O40]. It dropped again
for x= 1, where all the H+ are replaced by Cs+ Liu-Cai et al. (2002). The oxidative activity
was invariant with Cs+ concentration Liu-Cai et al. (2002). Inserting cesium (x<0.75) makes
the particles more hydrophobic so they have a greater tendency to expel MAA and MAC,
which are polar. These compounds desorb more readily from the catalyst surface and thus
selectivity is higher Liu-Cai et al. (2002). For x>0.75, the catalyst has no Brønsted acid sites
in its initial structure, confirming a key role of acidity in both catalytic activity and selectivity
Liu-Cai et al. (2002). Acidity activates the C−H bond, meanwhile, the redox properties play
an important role to add a carboxylic acid functional group to the hydrocarbon Jing et al.
(2013).
Cesium in Csx(NH4)3-xHPMo11VO40 (0<x<3) catalysts not only stabilize the catalyst struc-
ture but also maintain V atoms in the primary structure Jing et al. (2013, 2014b). Cs increases
isobutane and oxygen conversion in V based catalysts, while oxygen conversion is about 10%
for Cs–free catalysts and isobutane conversion is only 2% Jing et al. (2014b); Sultan et al.
(2004). The maximum selectivity for MAA+MAC was 57% (maximum yield was 5.9%)
over Cs1.7(NH4)1.3HPMo11VO40 with isobutane and oxygen conversions of 9.6% and 53%,
respectively Jing et al. (2014a).
Several studies demonstrated that the isobutane oxidation mechanism involves an oxidative
dehydrogenation step to produce isobutene, which subsequently oxidizes to MAC and MAA,
500 times faster than it’s formation Jing et al. (2014a); Wu et al. (2012); Shishido et al. (2000).
Surface acidic sites activate C−H bond as the rate–limiting step Liu et al. (2016). Jalowiechi–
Duhamel et al. proposed that the rate determining step was the initial dehydrogenation of
isobutane to isobutene : isobutane → isobutene → MAC → MAA Jalowiecki-Duhamel et al.
(1996).
The effect of vanadium in catalysts containing nickel (Cs2.5Ni0.08H0.34+xPVxMo12-xO40 which
x=0–3) showed that the conversion and MAA selectivity increased for 0<x<1 and then
decreased for x= 1 (Table 3.21). Conversely, the selectivity to MAC decreased for x<1 and
was almost constant for x>1 Mizuno et al. (1996b); Mizuno et Yahiro (1998); Mizuno et al.
(1998). The maximum selectivity was 36% with the substitution of one mole of vanadium
(Cs2.5Ni0.08H1.34PVMo11O40). They suggested that the complete oxidation of MAC and MAA
is suppressed and that V5+ substitution accelerates the MAC → MAA step.
42
Table 3.20 Selectivity of MAA and MAC with partial substituting of vanadium with molyb-
denum in presence of cesium and ammonium
Catalyst Temp., ◦CConversion, % Selectivity, % Sum of yields, %MAA+MAC Ref.MAAMACCOx
H4PMo11VO40 340 5 30 36 34 3.3 Mizuno et Yahiro (1998)
H4PMo11VO40 350 10.9 29 6 56 3.9 Wu et al. (2012)
H4PMo11VO40 340 2.5 25 39 NA 1.6 Sultan et al. (2004)
H5PMo10V2O40 340 5 34 28 36 3.1 Mizuno et Yahiro (1998)
H6PMo9V3O40 340 10 14 14 60 2.8 Mizuno et Yahiro (1998)
H6PMo9V3O40 390 9.6 14 10 56 2.4 Ding et al. (2016)
(NH4)3HPMo11VO40 340 2.3 49 32 NA 1.9 Sultan et al. (2004)
(NH4)3HPMo11VO40 340 2.5 34 20 36 1.4 Sultan et al. (2004)
(NH4)3HPMo11VO40 340 2 33 11 37 0.9 Jing et al. (2014a)
Cs0.5(NH4)2.5HPMo11VO40 340 4.1 41 29 17 2.9 Jing et al. (2014a)
Cs1.15(NH4)1.85HPMo11VO40 340 6 45 15 NA 3.6 Sultan et al. (2004)
Cs1.5(NH4)1.5HPMo11VO40 340 5.8 45 22 19 3.9 Jing et al. (2014a)
Cs1.7(NH4)1.3HPMo11VO40 340 9.6 43 14 26 5.5 Jing et al. (2014a)
Cs1.75(NH4)1.25HPMo11VO40 340 10.3 32 8 NA 4.1 Sultan et al. (2004)
Cs1.78(NH4)2.22HPMo11VO40 (supported) 340 11.4 24 7 NA 3.5 Sultan et al. (2004)
Cs2.4(NH4)0.6HPMo11VO40 340 2.1 10 16 NA 0.65 Sultan et al. (2004)
Cs2.5(NH4)0.5HPMo11VO40 340 9.9 19 10 53 2.9 Jing et al. (2014a)
Cs3HPMo11VO40 340 1.2 32 16 23 0.6 Jing et al. (2014a)
Cs1.6H2.4P1.7Mo11V1.1O40? 349 10.6 37 8 NA 4.8 Jalowiecki-Duhamel et al. (1996)
Table 3.21 Oxidation of isobutane catalyzed by Cs2.5Ni0.08H0.34+xPVxMo12-xO40 Mizuno et
Yahiro (1998)
x Conversion, % Selectivity, % Sum of yields, %MAA+MACMAA MAC COx
1 15 36 9 49 6.75
2 13 28 8 58 4.7
3 12 10 8 73 2.2
Based on the catalyst modification with the substitution of vanadium and the widespread
influence of acidity and surface area on activity and selectivity, Jing et al. proposed a reaction
route for isobutane oxidation over V–substituted bifunctional heteropolycompound catalysts
(Scheme 3.13) Jing et al. (2014b).
Effect of Iron on catalyst performance Iron has two effects on catalyst performance
that depend on inserting it in the Keggin–anion ([PMo12O40]3−) or in the bulk (H+) Langpape
et Millet (2000). Substituting iron (Fe3+) with hydrogen in the bulk of H3PMo12O40 formed
FexH3-3xPMo12O40, which increased the selectivity of MAA and MAC Langpape et Millet
(2000). Over this catalyst, the acidity decreased up to the composition corresponding to x=
0.2 Deng et al. (2005); Mizuno et al. (1996b). At a higher cation content, the acidity was
constant ; iron could partially be present as [Fe(OH)3-x]+ species that would act as active
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Schème 3.13 – The effect of acidity over heteropolycompounds containing vanadium for
oxidation of isobutane to MAA+MAC Jing et al. (2014b). Reprinted with permission from
ref. 171 Copyright 2014 Elsevier B.V.
sites and compensate for the loss of activity due to the decrease in the number of protons
Deng et al. (2005); Mizuno et al. (1996b).
Inserting iron into the cesium salted catalysts (CsxFeyH3-x-3yPMo12O40) increased only the
selectivity and had no effect on conversion Min et Mizuno (2001b); Mizuno et al. (1996b). For
example, over Cs2Fe
y+
x H1-xyPMo12O40, the activity was invariant with iron and selectivity
to MAA increased for x<0.43 and at higher iron content (x>0.43), this trend was reversed
(Table 3.22) Langpape et Millet (2000); Langpape et al. (1999).
Several studies tested the effect of iron with higher cesium content (Cs2.5FexH0.5-3xPMo12O40)
under both isobutane–rich and lean conditions (Table 3.22) Mizuno et al. (1996b,a). Under
isobutane–lean conditions, the yield of MAA and MAC increased up to x= 0.08, for which the
yield of MAA+MAC peaked at 6.3% and decreased above 0.08 ; however, conversion decrea-
sed (Fig. 3.13) Min et Mizuno (2001a); Mestl et al. (2001). Under isobutane–rich conditions,
iron had the same effect on both selectivity and activity Min et Mizuno (2001a). Fe mainly
suppresses the complete oxidation of MAA (and MAC) produced and accelerates the reaction
MAC → MAA.
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Table 3.22 Selectivity of MAA and MAC with substituting of iron into Keggin–structure
Catalyst Temp., ◦CConversion, % Selectivity, % Sum of yields, %MAA+MAC Ref.MAAMACCOx
Fe0.85H0.45PMo12O40 340 4 9 27 53 1.4 Langpape et Millet (2000)
Cs2Fe0.05H0.85PMo12O40 340 6.7 21 15 53 2.4 Langpape et al. (1999)
Cs2Fe0.1H0.7PMo12O40 340 6.8 21 16 51 2.5 Langpape et al. (1999)
Cs2Fe0.2H0.4PMo12O40 340 6.8 24 17 50 2.8 Langpape et Millet (2000)
Cs2Fe0.25H0.25PMo12O40 340 6 17 18 52 2.1 Langpape et al. (1999)
Cs2Fe0.3H0.1PMo12O40 340 6.3 18 17 52 2.2 Langpape et al. (1999)
Cs2.5Fe0.04H0.38PMo12O40 340 15 26 10 58 5.4 Mizuno et al. (1996b)
Cs2.5Fe0.05H0.35PMo12O40 340 10.4 15 10 63 2.6 Langpape et al. (1999)
Cs2.5Fe0.08H0.26PMo12O40 340 15 0 30 40 4.5 Min et Mizuno (2001a)
Cs2.5Fe0.08H0.26PMo12O40 300 14 35 11 53 6.3 Mizuno et al. (1996b)
Cs2.5Fe0.08H0.26PMo12O40 340 15 0 30 48 4.5 Min et Mizuno (2001b)
Cs2.5Fe0.08H0.26PMo12O40 340 15 0 15 60 1.5 Mizuno et al. (1996b)
Cs2.5Fe0.1H0.2PMo12O40 340 10.3 19 10 58 3 Langpape et al. (1999)
Cs2.5Fe0.16H0.02PMo12O40 340 13 0 7 74 0.9 Min et Mizuno (2001a)
Cs2.5Fe0.16H0.02PMo12O40 340 11 22 13 62 3.9 Mizuno et al. (1996b)
Cs2.5Fe0.16H0.02PMo12O40 340 13 0 7 74 1.2 Min et Mizuno (2001b)
Figure 3.13 The effect of various amount of iron in catalyst structure for conversion and
products selectivity in isobutane–lean (isobutane/O2/N2= 17%/33%/50%) Min et Mizuno
(2001a)
Transition metal cations affect the protonic acidity, which increases MAA and MAC se-
lectivity more than the activity Mizuno et al. (1994a, 1995); Langpape et al. (1999). Re-
ducibility was the main factor which controlled the activity of Fe–catalysts for which the
hydration–oxidation mechanism promoted the reducibility of the solid and its catalytic acti-
vity thereafter Min et Mizuno (2001b); Langpape et Millet (2000). This hydration–oxidation
mechanism is due to the existence of an electron transfer between iron and molybdenum
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occurring only in the bulk acid Langpape et Millet (2000). Knapp et al. compared the effect
of iron on catalyst structure as a counter–cation (Cs1.5Fe0.5(NH4)2PMo12O40) or inserting
inside the Keggin anion (Cs1.5(NH4)2PMo11.5Fe0.5O39.5). As a counter–cation, selectivity to
MAA was 21% against 15% for Fe inserted into the Keggin–anion at 6% and 8% conversion,
respectively, at 390 ◦C (Fig.3.14a) Knapp et al. (2001). Increasing Fe content in the Keggin–
structure decreased the selectivity to MAA which dropped from 15% to 0%, additionally
the conversion also decreased from 16% to 10% (Fig.3.14b) Knapp et al. (2001).
Figure 3.14 Selectivity and conversion a) as a function of Fe insertion in the Keggin–structure
and b) number of Fe atoms per Keggin unit (isobutane/O2/H2O= 25%/25%/15%) Knapp
et al. (2001)
Substituting NH +4 with Fe in ammonium/potassium salts of 12–molybdophosphoric acid
(K1(NH4)2PMo12O40) increased the catalytic activity ; whereas, it decreased the selectivity
to MAA Busca et al. (1996). Increasing iron content from 8% to 12% in the presence of arsenic
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increased isobutane conversion from 21% to 24% and MAA selectivity went up from 42% to
70% (Table 3.23) Deng et al. (2005). Increasing iron content further to 16% dropped both
yield and selectivity. Presumably, the Fe3+/Fe2+ redox couple in the bulk affects performance.
Table 3.23 HxFebMo11VPAs0.3Oy performance at 370 ◦C Deng et al. (2005)
Catalyst Conversion, % Yield, % Sum of yields, %MAA+MACMAA MAC COx
HxFe0.08Mo11VPAs0.3Oy 21 9 1 8 10.2
HxFe0.12Mo11VPAs0.3Oy 24 17 1 2 17.7
HxFe0.16Mo11VPAs0.3Oy 19 9 1 7 10
HxKFe0.12Mo11VPAs0.3Oy 28 3 0.2 22 3.7
HxCsFe0.12Mo11VPAs0.3Oy 22 8 1 10 8.8
Effect of Nickel on catalyst performance Just like iron, a small amount of nickel in
the cesium salted Keggin catalyst had a positive effect on both selectivity and conversion,
whereas, over Cs2.5NixH0.5-2xPMo12O40, both selectivity and conversion increased with x up
to 0.08 and then decreased with more nickel. The maximum selectivity and conversion was
27% and 24%, respectively when x= 0.08 (Fig. 3.15) Mizuno et al. (1996b); Mizuno et Yahiro
(1998). The partial and full oxidation of reactants–as the first step–is the rate–determining
step and is mainly catalyzed by the molybdenum ion Mizuno et al. (1996b); Shinachi et al.
(2005). Conversion increased more than the MAA selectivity. This difference may be due
to the acceleration of the rate–determining step, isobutane → MAA (and MAC), or by the
decrease in Brønsted acidity with nickel Mizuno et al. (1996b); Moro-oka et al. (1993).
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Figure 3.15 The effect of nickel content in Cs2.5NixH0.5-2xPMo12O40 on conversion, MAA and
MAC selectivity over isobutane/O2/inert= 17%/33%/50% Mizuno et al. (1996b)
The conversion of isobutane increased with temperature and reached 47% at 360 ◦C on
Cs2.5Ni0.08H0.34PMo12O40 under isobutane–lean conditions. However, MAC selectivity decrea-
sed with increasing temperature Mizuno et al. (1996b). The maximum selectivity of MAA
was achieved between 320 ◦C to 340 ◦C and the maximum MAA yield was only (8.5%) at
360 ◦C (Fig. 3.16).
Figure 3.16 The effect of temperature on product selectivity and conversion over
Cs2.5Ni0.08H0.34PMo12O40 over isobutane/O2/inert= 17%/33%/50% Mizuno et al. (1996b)
Mizuno et al. proposed that isobutane first oxidatively dehydrogenates to isobutene, and then
isobutene oxidizes to form MAC followed by oxidation to MAA (Scheme 3.14). However, they
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also suggested a direct oxidative path from isobutane to MAC–shown by the dotted line in
Scheme 3.14 Mizuno et al. (1996b); Mizuno et Yahiro (1998).
Schème 3.14 – Mechanism for the oxidation of isobutane to Methacrylic acid and metha-
crolein over Cs2.5Ni0.08H0.34PMo12O40. Mizuno et Yahiro (1998); Mizuno et al. (1996b)
Nickel appears to improve catalyst performance but cesium confounds the data such that the
change may not be solely attributable to Ni. Mizuno substituted Cs with Li, Na and K in
M2.5Ni0.08H0.34PMo12O40. The catalytic activity increased in the order of H<Li<Na<K<Cs
and the MAA selectivity followed the same trend Mizuno et al. (1996b).
Effect of tellurium on catalyst performance Adding tellurium (Te4+) in heteropoly
compounds (cesium salted or its acid parent) had a positive effect on selectivity to MAA
and MAC (Table 3.24). Inserting tellurium into a pure acid decreased activity, whereas,
it increased activity for the cesium salted catalyst Huynh et al. (2009a,b). The maximum
isobutane conversion and yield for MAA+MAC were 17.5% and 12%, respectively at 360 ◦C
over a Cs2Te0.3(VO)0.1HxPMo12O40 catalyst Huynh et al. (2009a).
In the absence of Cs, the tellurium type catalysts—Te(1.5+0.5x)PMo12-xVxOn (x=1–3)—were
less active and selective but they were more selective to MAC (Table 3.24) Wu et al. (2012);
Ding et al. (2016). Others confirmed that isobutane conversion and MAA selectivity impro-
ved substituting Mo with V in Te–molybdophosphoric catalysts, while the rate of isobu-
tane conversion decreased in the sequence H4PMo11VO40>Te1.5PMo12On=Te3PMo9V3On>
Te2PMo11VOn=Te2.5PMo10V2On Wu et al. (2012); Ding et al. (2016); Huynh et al. (2009b).
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The selectivity to MAC increases considerably substituting protons with tellurium in a V–
substituted molybdophosphoric system.
To evaluate the effect of both tellurium and vanadium, Ding et al., varied these metal ions
over Te(12-x)/4PMo12-xVxOm (x=0–3) and the maximum selectivities to MAA and MAC were
22% and 34%, respectively with Te2.25PMo9V3On at 390 ◦C Ding et al. (2016). These results
confirmed that Te4+ improves the catalytic performance ; whereas, vanadium increases selec-
tivity of MAC+MAA Ding et al. (2016). The conversion increased with temperature in the
range of 370 ◦C to 410 ◦C over Te2.25PMo9V3On catalyst Ding et al. (2016). The selectivity to
MAA increased gradually ; conversely, the selectivity to MAC decreased while the total yield
(MAC+MAA) gradually increased with temperature (Fig. 3.17).
Figure 3.17 The effect of temperature on MAA and MAC selectivity and isobutane conversion
over Te2.25PMo9V3On (isobutane/O2/inert= 27%/13%/60%) Ding et al. (2016)
Vanadium in the cesium salt catalyst containing tellurium increased conversion ; meanwhile,
it decreased slightly MAA and MAC selectivity (Fig. 3.18)Huynh et al. (2009a). However, the
maximum selectivity was obtained by changing the content of vanadium and tellurium in the
catalyst and the optimum catalyst was Cs2Te0.3V0.1HxPMo12O40 Huynh et al. (2009a). The
same catalyst but with less tellurium (Cs2Te0.2V0.1HxPMo12O40) achieved 49% MAA+MAC
selectivity at 6% conversion and 362 ◦C Loridant et al. (2010).
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Table 3.24 Effect of the tellurium ion in Keggin–structure or mixed oxides (?)
Catalyst Temp., ◦CConversion, % Selectivity, % Sum of yields, %MAA+MAC Ref.MAAMACCOx
Cs2Te0.3(VO)0.1HxPMo12O40 360 17.5 61 7 21 11.9 Huynh et al. (2009b)
H1.8Te0.6PMo12O40 355 6.3 27 22 37 3.1 Huynh et al. (2009a)
H1Te1PMo12O40 360 4.8 33 39 23 3.5 Huynh et al. (2009a)
Te1.5PMo12O40 355 4 37 30 26 2.7 Huynh et al. (2009a)
Cs2Te0.05HxPMo12O40 369 14.4 25 13 50 5.4 Huynh et al. (2009a)
Cs2Te0.2HxPMo12O40 367 12 50 12 28 7.4 Huynh et al. (2009a)
Cs2Te0.5HxPMo12O40 370 10.8 52 19 19 7.8 Huynh et al. (2009a)
Cs2Te0.3V0.1HxPMo12O40 350 16.1 54 11 26 10.5 Huynh et al. (2009a)
Te1.5PMo12Om? 350 8 11 25 46 2.9 Wu et al. (2012)
Te2PMo11VOm? 350 10.4 26 22 42 5 Wu et al. (2012)
Te2.5PMo10V2Om? 350 9.2 25 13 50 3.6 Wu et al. (2012)
Te3PMo9V3Om? 350 8.4 20 11 54 2.6 Wu et al. (2012)
Te3PMo12Om? 390 9.3 9 28 51 3.4 Ding et al. (2016)
Te2.75PMo11VOm? 390 9.8 14 28 48 4.1 Ding et al. (2016)
Te2.5PMo10V2Om? 390 10.5 15 29 46 4.7 Ding et al. (2016)
Te2.25PMo9V3Om? 390 11.8 22 34 36 6.6 Ding et al. (2016)
Figure 3.18 The effect of vanadium on conversion and selectivity of methacrylic acid in
Cs2Te0.2VxHyPMo12o40 over isobutane/O2/H2O= 13.5%/27%/10% Huynh et al. (2009a)
Catalysts that contain tellurium dehydrogenate isobutane to isobutene although it is unre-
ported in the eﬄuent— either because it oxidizes much faster than isobutane, or because the
catalyst oxidizes isobutene at the surface of the polyoxometalates catalysts while multiple
surface layers participated to the reaction (Scheme 3.15) Huynh et al. (2009a).
Effect of antimony on catalyst performance Inserting antimony into the Keggin struc-
ture (HxPMo12SbOy) improved the catalyst performance for which the maximum selecti-
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Schème 3.15 – Mechanism of oxidation of isobutane to Methacrylic acid and methacrolein
over Cs2Te0.3V0.1HxPMo12O40 Huynh et al. (2009a). Reprinted with permission from ref. 157
Copyright 2009 Elsevier B.V.
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vity of MAA and MAC was 50% and 20%, respectively and the conversion was 10% at
340 ◦C Krieger et Kirch (1981). During calcination, antimony accelerates electron exchange
Sb3++2Mo6+→Sb5++2Mo5+ which decreases the oxidation state of molybdenum Cavani
et al. (2001c). This ion exchange stabilizes the reduced molybdenum even under oxidizing
conditions Cavani et al. (2001c). Cavani et al. inserted 0.23 Sb atoms per Keggin unit of
(NH4)3PMo12O40 and MAA selectivity reached 45% Cavani et al. (2001c, 1998). The acti-
vity of catalyst containing antimony was constant ; however, the selectivity was poor initially
Cavani et al. (2003b). The redox reaction between the PMo12O 3–40 anion and Sb3+ generated
active sites during calcination Cavani et al. (2003b, 2001c).
The polyoxometalate must work in a reduced state in order to be selective, while can be
achieved either by operating under isobutane–rich conditions, or by doping the compound
with an element like Sb, which is able to keep the compound in the reduced state even under
isobutane lean (more oxidizing) conditions.
All studies confirm higher selectivity to MAA over Sb–catalysts compared to undoped cata-
lysts under isobutane lean reaction conditions Cavani et al. (2003b). The selectivity of MAC
was unchanged from 340 ◦C to 370 ◦C over the Sb–doped catalyst, while it decreased with
temperature over undoped catalysts. Catalysts containing antimony are selective even at low
isobutane concentrations Cavani et al. (1998).
Cavani et al. reported conversion as high as 70% at a 1% isobutane feed concentration
(Fig. 3.19) Cavani et al. (2003b, 2001e). Increasing its partial pressure decreased conversion.
The low selectivity under isobutane–lean conditions over catalyst containing antimony is due
either to the high conversion (and consecutive oxidation of products) or because the higher
catalyst oxidation state, and the weaker interaction between Sb3+ and the Keggin anion
Cavani et al. (2003b, 2001e).
The reduced (NH4)3PMo12O40/Sb0.23Ox catalyst is highly selective under isobutane–lean
conditions ; however, undoped catalysts are unselective under the same conditions Cavani
et al. (2001e). Moreover, the selectivity of MAA increased a little in comparison with undo-
ped catalysts under isobutane–rich conditions. In general the sum of MAA and MAC were
almost constant with both Sb– doped and undoped catalysts Cavani et al. (2001e).
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Figure 3.19 The effect of reactant concentration on conversion and selectivity or Sb–
heteropolycompounds Cavani et al. (2003b)
Effect of other metal ions on catalyst performance Partially substituting copper
in Cs2Cu2+x H1-2xPMo12o40 (0<x<0.43) increased catalyst activity up to x= 0.2. At higher
cation content, the acidity of the catalysts decreased because of the decreasing proton content
Langpape et al. (1999). However, copper had a negative effect on MAA selectivity Langpape
et al. (1999).
Cesium ions in catalysts that contain copper (CsyH0.5-yCu0.25VO[PMo12O40]) affected per-
formance : Cu2+ changed both oxidative activity and methacrylic acid and methacrolein
selectivity over CsxH1-xVO[PMo12O40] and CsyH0.5-yCu0.25VO[PMo12O40] catalysts as a func-
tion of the molar ratio of nCs+/(nCs++nH+) (Fig. 3.20) Liu-Cai et al. (2002). Higher Cs+
(Cs>0.5) decreased the selectivity of MAA+MAC compared with Cu–free catalysts. Adding
copper to the catalyst increased selectivity up to Cs= 0.8 and then it decreased (Fig. 3.20). A
lower nCs+/(nCs++nH+) ratio may form oxygen vacancies favored by the presence of Cu2+
cations and the higher content of protons in the initial samples that increase activity. Lower
cesium concentration in copper–catalysts accelerate the formation of oxygen vacancies, be-
cause the proton associated with oxygen of the heteropolyanion is absent Hodnett et Moffat
(1984); Liu-Cai et al. (2002).
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Figure 3.20 Selectivity of MAA+MAC over heteropolycompounds containing vanadium and
cesium with/without copper over isobutane/O2/H2O= 26%/13%/12% Liu-Cai et al. (2002)
The maximum selectivity to MAA+MAC was 45% at a conversion of 22% over Cu, As and
V in cesium salted heteropoly catalysts (Cs :1.4/P :1.5/Mo :12/V :0.5/As :0.4/Cu :0.3) at
367 ◦C Schindler et al. (2003, 2001).
Mizuno et al. inserted metal ions (M) into the component Cs2.5M0.08H0.34PMo12O40 where
Mn2+ significantly increased the MAA+MAC yield ; otherwise, Co2+, Cu2+, Hg2+, Pt2+, or
Pd2+ substitution decreased the yields under oxygen–rich conditions (Table 3.25) Mizuno
et al. (1996b, 1998).
Potassium had no effect in catalysts with/without iron for which the selectivity of MAC
and MAA was the same at constant conversion under isobutane–rich conditions Busca et al.
(1996). Busca et al. (1996) proposed a correlation between catalyst, reactant, and products
in which the addition of iron affected the Mo ion redox properties, even though a direct
participation of iron in the reaction mechanism cannot be excluded (Scheme 3.16) Busca
et al. (1996).
The addition of arsenic obviously decreases catalytic activity and that the appropriate As
modification can efficiently enhance the selectivity to MAA by restraining the split products.
The optimal yield of MAA is achieved over HxFe0.12Mo11VPAs0.3Oy at a conversion of 24%
and a MAA selectivity of 70% Deng et al. (2005).
Effect of supports on catalyst performance Catalyst activity and product selecti-
vity are sensitive to support and catalyst dispersion ; for example, Jing et al. impregnated
((NH4)3HPMo11VO40–APMV) over commercial SiO2, SBA–15, ZrO2–grafted SBA–15, and
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Table 3.25 Effect of metal ions in the Keggin–structure
Catalyst Temp., ◦CConversion, % Selectivity, % Sum of yields, %MAA+MAC Ref.MAAMACCOx
HxP1.1Mo12V1.1Cu0.1Cs1.1Oy 320 10.3 56 16 NA 7.4 Yamamatsu et Yamaguchi (1990)
HxP1.5Mo12V1Cu0.2Nd0.5Cs1Oy 320 12.8 54 16 NA 8.9 Yamamatsu et Yamaguchi (1993)
HxP1.5Mo12V0.5As0.4Cs1.8Cu0.3Oy 320 11.2 54 12 NA 7.3 Sun et al. (2014)
HxP1.5Mo12V0.5As0.4Cs1.4Cu0.3Oy 330 25 3 43 NA 11.3 Sun et al. (2014)
Cs2.5Mn0.08H0.34PMo12O40 340 21 20 11 60 6.5 Min et Mizuno (2001a); Mizuno et al. (1996b)
Cs2.5Cu0.08H0.34PMo12O40 340 12 12 10 71 2.6 Min et Mizuno (2001a); Mizuno et al. (1996b)
Cs2.5Co0.08H0.34PMo12O40 340 7 11 15 68 1.9 Min et Mizuno (2001a); Mizuno et al. (1996b)
Cs2.5Ni0.08H0.34PMo12O40 340 24 27 6 59 8 Min et Mizuno (2001a); Mizuno et al. (1996b, 1994b)
Cs2.5Hg0.08H0.34PMo12O40 340 15 10 10 73 2.4 Mizuno et al. (1996b)
Cs2.5Pd0.08H0.34PMo12O40 340 8 0 1 98 0.1 Mizuno et al. (1996b)
Cs2.5Pt0.08H0.34PMo12O40 300 34 0 0 100 0 Mizuno et al. (1996b)
Cs2Cu0.05H0.9PMo12O40 340 7 7 16 64 1.6 Langpape et al. (1999)
Cs2Cu0.2H0.6PMo12O40 340 7.5 6 15 72 1.6 Langpape et al. (1999)
Cs2Cu0.3H0.4PMo12O40 340 6.6 6 16 72 1.4 Langpape et al. (1999)
Cs2Cu0.43H0.14PMo12O40 340 5.9 5 15 76 1.2 Langpape et al. (1999)
HxFe0.12PMo11VAs0.2Oz 370 24.1 12 1 7 8 Deng et al. (2005)
HxFe0.12PMo11VAs0.3Oz 370 23.9 17 1 3 4.2 Deng et al. (2005)
HxFe0.12PMo11VAs0.4Oz 370 23.2 10 1 10 2.6 Deng et al. (2005)
Schème 3.16 – Proposed mechanism for the oxidation of isobutane to MAA and MAC over
K1(NH4)2PMo12O40 at 350 ◦C Busca et al. (1996); Ballarini et al. (2007b). Reprinted with
permission from ref. 84 Copyright 1996 Elsevier B.V.
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Cs3PMo12O40 (CPM) (Table 3.26). The conversion over non–supported catalysts (APMV)
was 2.5% and it rose to 15% over CPM–supported catalyst Jing et al. (2013), meanwhile, the
selectivity of MAA was 34% and 42% over bulk APMV and APMV/CPM, respectively Jing
et al. (2013). The CPM–supported catalyst improved thermal decomposition stability and
increased acid sites, which were necessary to convert alkanes to acids ; however, the active
phase decomposed during the synthesis step with silica–based catalysts which resulted in
poorer catalyst performance (Table 3.26) Kanno et al. (2010); Ballarini et al. (2007a); Nair
et al. (2010).
Not only the type of support, but the concentration of the active phase also affects catalyst
performance in the range of a mass fraction of 10A to 50APMV over Cs3PMo12O40 Jing
et al. (2014b). Impregnating more active phases increased the catalyst stability with respect
to the structure (Table 3.27). The maximum reactant conversion was 15.3% over catalyst at
a mass fraction of 40% ; otherwise, the highest selectivities of MAA and MAC—47% and
11.4%, respectively—were achieved for 50APMV/CPM Jing et al. (2014b).
Table 3.26 Effect of support on catalyst performance
Catalyst Temp., ◦CConversion, % Selectivity, % Sum of yields, %MAA+MAC Ref.MAAMACCOx
H3.6Cu2PMo11VO40/SiO2 348 13 11 56 NA 8.7 Bielmeier et al. (1994)
H4PMo11VO40/Ta2O5 350 28.5 13 41 NA 15.5 Sun et al. (2014)
APMV/SBA–15 340 5 10 18 42 1.4 Jing et al. (2013)
APMV/ZrO2/SBA–15 340 6.6 2 10 63 0.7 Jing et al. (2013)
APMV/SiO2 340 11.3 13 15 43 3.1 Jing et al. (2013)
APMV/CPM 340 15.3 42 10 31 8 Jing et al. (2013)
P1Mo11V1Ox(50 wt.%)/H2SO4–Ta2O5.nH2O 350 28.5 12 4 NA 15.5 Ushikubo (2003)
P1Mo10V2Ox(50 wt.%)/H2SO4–Ta2O5.nH2O 350 27.5 12 4 NA 15.2 Ushikubo (2003)
P1Mo11V1Ox(50 wt.%)/Ta2O5.nH2O 350 8.7 4 1 NA 4.5 Ushikubo (2003)
P1Mo11V1Ox(50 wt.%)/diatomaceous earth 350 7.9 4 1 NA 4.7 Ushikubo (2003)
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Table 3.27 Catalytic performance for isobutane oxidation over APMV/CPM catalysts at
340 ◦C Jing et al. (2014b)
Catalyst Conversion, % Selectivity, % Sum of yields, %MAA+MACMAA MAC COx
10APMV/CPM 0 — — — —
20APMV/CPM 14.7 33 9 38 6.2
40APMV/CPM 15.3 42 10 31 8
50APMV/CPM 14 47 11 27 8.1
APMV=(NH4)3HPMo11OV40
CPM=Cs3PMo12O40
The surface acidic sites activate isobutane by forming C−C bonds via oxidative dehydroge-
nation Huynh et al. (2009a); Schindler et al. (2001). Moreover, they accelerate the oxidation
of alkenes to the desired acid products ; meanwhile, they desorb products from the catalyst
surface and minimize re–oxidation to COx Jing et al. (2014b); Huynh et al. (2009a); Schindler
et al. (2001). The conversion increased linearly from 280 ◦C to 350 ◦C and the maximum was
16% at 350 ◦C (Fig. 3.21). The selectivity of MAA was almost constant with temperature ;
however, MAC selectivity decreased and the maximum was 29% at 280 ◦C Jing et al. (2014b)
(Fig. 3.21).
Figure 3.21 The effect of temperature on selectivity and conversion over 50APMV/CPM
catalyst and isobutane/O2/H2O= 27%/13.5%/10% Jing et al. (2014b)
H4PVMo11O40 (H4PVMo) dispersed over Cs3PMo12O40 showed no activity (less than 0.2%)
58
compared to H3PMo12O40 Paul et al. (2010). However, the maximum MAA selectivity was
42% at 4.6% conversion. H4PVMo11O40 over HCs3PVMo11O40 at the same conditions had the
highest activity compared to pure acid (H4PVMo11O40) in which the conversion reached 11%.
In general, the reactant conversion and yield of the desired products increased according to :
H4PVMo11O40<H4PVMo11O40/ Cs3PMo12O40<H4PVMo11O40/HCs3PVMo11O40 Paul et al.
(2010).
Loading H4PMo11VO40 on SiO2 increased the its activity compared to the bulk H4PMo11VO40 ;
the maximum conversion was 3.3% with a mass fraction of 50% H4PMo11VO40/SiO2 that
was five–times higher than that of unsupported one Kanno et al. (2010). However, the MAA
selectivity dropped Kanno et al. (2010), whereas the selectivity of MAA increased asymptoti-
cally over unsupported H4PMo11VO40 after 50min. In general, SiO2 had a negative effect on
selectivity to MAA ; it was equal to 75% and 63% for unsupported and supported catalysts,
respectively Kanno et al. (2010).
Ushikubo activated P–Mo–V heteropolyacid compounds with hydrated tantalum oxide trea-
ted with sulfuric acid (H2SO4/TA) (Table 3.26). They proposed a mechanism in which cata-
lyst removes H– from isobutane to produce i–C4H +9 because of the strong acid site on the
hydrated tantalum oxide treated with sulfuric acid ; thereafter, this intermediate migrates to
the surface of the heteropoly acid and oxidizes to MAA and MAC (Scheme 3.17) Ushikubo
(2003).
Impregnating Keggin–type heteropolycompounds on high–surface–area silica gel (as a sup-
port) reduces the oxidative degradation of the MAA+MAC products by dispersing the heat
of reaction. Furthermore the supported catalyst was more stable and performance was un-
changed Ballarini et al. (2007a).
Schème 3.17 – Proposed mechanism over V–heteropolycompounds supported on Ta2O5
Ushikubo (2003). Reprinted with permission from ref. 200 Copyright 2003 Elsevier B.V.
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Huynha et al. dispersed Cs2Te0.3(VO)0.1HxPMo12O40 (CsTeV active phase) over α–La2Mo2O9
(LM) and β–La2Mo1.9V0.1O8.95 (LMV) for which the pure CsTeV phase was highly active with
acceptable selectivity to MAA ; on the contrary, the pure LM and LMV phases were inactive
and MAA selectivity was negligible. Increasing LM content up to 50% in the CsTeV–LM,
increased conversion slightly while the MAA reached a maximum of 50% over LM (Fig. 3.22)
Huynh et al. (2009b). Both activity and selectivity of desired products decreased with high
LM content which was independent of the reaction temperature Huynh et al. (2009b).
Figure 3.22 The effect of LM support in Cs2Te0.3(VO)0.1HxPMo12O40 on conversion and
selectivity over isobutane/O2/H2O= 22.4%/30.3%/10% Huynh et al. (2009b)
Based on these studies, the general mechanism assumes that isobutene and MAC are the
main intermediates but they have not detected isobutene which may suggest that it reacts
rapidly to MAC or it remains on the surface (Scheme 3.18) Costine et Hodnett (2005).
Schème 3.18 – Proposed oxidation network for isobutane to MAA and MAC Costine et
Hodnett (2005)
In conclusion to maximize MAA selectivity, the following conditions should be met :
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1. operate under reducing (isobutane–rich) conditions to improve selectivity ;
2. dope catalysts with metals (Sb, Fe, and etc.) to achieve stability ;
3. generate active sites during reaction, by partial structural decomposition of the POM.
Isobutane oxidation to MAC and MAA over mixed metal oxides
Mixed metal oxides are more selective to MAC than MAA and molybdenum is a key element
to activate isobutane Guan et al. (2008d, 2009a, 2007a). Guan et al. investigated mixed metal
oxides with the general formula of MoVxTey and found that small amounts of vanadium
improved catalyst selectivity to MAC Guan et al. (2008d, 2009a, 2007a). The selectivity of
MAA and MAC increased continuously with vanadium but the maximum values were only
1.7% and 27%, respectively (V/Mo ratio of 0.3) Guan et al. (2008d). They claimed that
V4+/V5+ over the surface strongly affected MAC selectivity according to the redox reaction :
V5++Mo5+→V4++Mo6+ Guan et al. (2008d, 2007c). Tellurium increased MAC selectivity
via oxidation of isobutane on the TeMo–containing crystalline phases (i.e. TeMo5O16) Guan
et al. (2009a). The maximum conversion was 16% with Te/Mo<0.17 ; whereas the maximum
MAC selectivity was 44% over MoV0.3Te0.25 at 420 ◦C. Tellurium had no effect on MAA
selectivity (4%) Guan et al. (2009a,c, 2008a,b, 2007a). Dispersion of mixed metal oxides over
SiO2, SBA−3 and AlPO4 improved MAC selectivity without changing MAA selectivity dan
Sun et al. (2011); Wang et al. (2012).
Antimony in mixed metal oxide structures had a negative effect on MAA ; however, it in-
creased both selectivity to MAC and conversion Stuyven et al. (2014); Shishido et al. (2000).
The maximum conversion (13%) and MAC selectivity (37%) were achieved with a Sb/Mo
ratio of 0.1 and 0.5, respectively with MoV0.3Te0.23Sbx Guan et al. (2006, 2007b). Isobutane
conversion increased with temperature and the yield of MAC+MAA increased from 3.3% to
8.8% up to 470 ◦C and then decreased at 480 ◦C on MoV0.3Te0.23Sb0.5 (Fig. 3.23) Guan et al.
(2006).
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Figure 3.23 The effect of temperature on conversion and selectivity over MoV0.3Te0.23Sb0.5
and isobutane/O2/H2O molar ratio of 1/1/1 Guan et al. (2006)
Adding antimony in the presence of phosphorous (MoV0.3Te0.23P0.3Sbx) increased conversion
to a maximum of 10% (Sb/Mo= 0.1). Higher antimony content decreased conversion. The
maximum MAC selectivity was 43% when the Sb/Mo ratio was 0.15 Guan et al. (2007b,
2006). Guan et al. proposed introducing antimony into the TeMO phase (M=Mo, V and P)
which promoted the oxidative dehydrogenation and accelerated the oxidation of reactants to
isobutylene and MAC, and thereafter suppressed the sequential oxidation of MAC to MAA.
The MoV0.3−Te0.23P0.3Sb0.1 catalyst achieved the best MAC+MAA selectivity (50%) Guan
et al. (2007b).
Inserting cerium into mixed metal catalysts (Mo−V−Te−Cex) improved catalyst perfor-
mance where the maximum selectivity of MAA and MAC was 20% and 33%, respectively at
a Ce/Mo ratio equal to 0.2 Guan et al. (2007c). Cerium ions may modify the redox properties
Guan et al. (2007c). Three possible reaction pathways were proposed to model the reaction
network ; inserting oxygen into the methyl C−H bond forming iso–butanol, this compound
dehydrates to isobutylene or oxidizes to MAA and MAC. Direct oxidative dehydrogenation
of isobutane to isobutylene, which thereafter oxidizes to MAA and MAC is the second path-
way. In the third, oxygen inserts into the methane C−H bond resulting in tert-butanol which
dehydrates to isobutylene or further oxidizes to acetone (Scheme 3.19) Guan et al. (2007c).
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Schème 3.19 – Reaction mechanism over MoVTeCeO catalyst Guan et al. (2007c). Reprinted
with permission from ref. 82 Copyright 2007 Elsevier B.V.
Hydrothermal synthesis of MoV0.3Te0.25Sbx improved MAC selectivity compared to the slurry
method for which the maximum MAC selectivity was 49% with Sb/Mo= 0.5. However, the
selectivity of MAA decreased with increased antimony insertion where the conversion was
almost constant Guan et al. (2009b).
Guan et al. proposed that the proper surface V5+/V4+ ratio is an effective parameter to maxi-
mize the MAA+MAC selectivity over vanadium pyrophosphate–VPP Guan et al. (2009d,
2008c). Adding dodecyl amine (DA) as a surfactant in the VPP structure increased selecti-
vity up to ratio of DA/VPP= 1 ; however, their selectivities decreased thereafter Guan et al.
(2009d).
Most of these studies indicated that MAC and MAA selectivity were higher under isobutane–
rich conditions—isobutane :dioxygen molar ratios greater than 2. The triangular diagram
shows the feed composition adopted by various companies, with respect to the flammability
region at room temperature (Fig 3.24) Ballarini et al. (2007b).
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Figure 3.24 Isobutane flammability diagram Ballarini et al. (2007b). Reprinted with permis-
sion from ref. 14 Copyright 2007 Wiley
Although isobutane is a desirable feedstock for MAA, it must operate in the upper flammabi-
lity region. To achieve high yield, the feed must be recylced Cavani et al. (2001f). Moreover,
because the reaction is highly exothermic multi-tubular or fluidized bed reactors are required
to control temperature. In the latter case, product combustion in the freeboard region above
the catalyst bed may be problematic Edake et al. (2017a).
3.6.4 Oxidation of 2–methyl–1,3–propanediol
Recently, Pyo et al. proposed a bio–process in which 2–methyl–1,3–propanediol (2MPDO)
oxidizes to 3–hydroxy–2–methylpropionic acid via 3–hydroxy–2–methylpropanal in micro–
organisms and then this intermediate dehydrates to MAA and MAC over titanium dioxide
at 210 ◦C Pyo et al. (2012). However, the productivity of this bioroute remains low and
expensive due to the enzymes.
2MPDO is a co–product of 1,4–butanediol in the hydroformylation process of allyl alcohol
and can be an attractive feedstock to produce MAA Dubois (2014); Mahboub et al. (2016a).
Arkema France patented a process to oxidize 2MPDO to MAA over mixed oxides consisting
of Cs, Mo, P, V, Sb and Cu, for which the maximum MAA selectivity was 24% Dubois
(2014).
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Darabi et al., oxidized 2MPDO to MAA and MAC over Keggin–type heteropolyacids contai-
ning cesium (Cs), vanadium (V) and copper. The maximum selectivities to MAA and MAC
were 41% and 33%, respectively, over Cu0.5(VO)Ox/Cs(NH4)2PMo12O40 with 63% 2MPDO
conversion (Fig. 3.25). The MAA selectivity and conversion increased with time ; conversely,
MAC selectivity decreased from 64% to 33% over 100min Mahboub et al. (2016a,b).
Figure 3.25 Selectivity of methacrylic acid and methacrolein and conversion of 2MPDO
over Cu0.5(VO)Ox/Cs(NH4)2PMo12O40 at 250 ◦C over isobutane/ O2/ inert= 13%/10%/77%
Mahboub et al. (2016a)
In the first step, 2MPDO oxidizes to 3–hydroxy–2–methylpropanal, this intermediate dehy-
drates to MAC (as the main intermediate) in the second step. Finally MAC reacts with
molecular oxygen over the catalyst surface forming MAA (Scheme 3.20) Mahboub et al.
(2016a).
3.7 Producing MAA and MMA from renewable sources
Raw materials (C1–C4) to synthesize MAA (which then esterifies to MMA) are mainly
petroleum–based. Renewable biomass is a potential source to produce these raw materials
that could reduce the CO2 burden to the atmosphere Dubois (2011a); Johnson et al. (2011).
Haas et al. produced carboxylic acids from biochemicals such as lactic acid and citric acid
Haas et al. (2014). The medium pH necessary for most fermentation processes is above the
pKa value of the carboxylic acid, therefore, carboxylic acid are produced as salts. Adding
acids converts carboxylates to their free acids (Gypsum process) Haas et al. (2014); Baniel
et al. (1996).
Several patents have been filed to derive at least one compound from bio sources Dubois et
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Schème 3.20 – Mechanism for oxidation of 2–methyl–1,3–propanediol to MAA and MAC
over Cs(NH4)2PMo12O40(VO)Cu0.5 at 250 ◦C Mahboub et al. (2016a)
Pirri (2012); Dubois (2011b,a); Dubois et al. (2011); Johnson et al. (2015). Dubois proposed
beginning with MAC derived from biomass and oxidizing it to MAA, then esterifying the
MAA to MMA Dubois (2011a). For the ACH route, fermenting plant crops gives ethanol and
acetone (ABE process). Dubois et al., proposed producing acetone, cyanohydric acid, or me-
thanol for the ACH route with biomass Dubois et al. (2011). Acetobutylic fermentation of C5
and C6 sugars produces an acetone–butanol mixture Dubois et al. (2011). Methane–oxidizing
methylomonas biocatalyst (sp. DH–1) produce acetone Hur et al. (2017). The average produc-
tivity and specific productivity of acetone were 0.678mmol h−1 and 0.141mmol h−1 g−1cell,
respectively. Hydrothermal liquefaction of sewage sludge or catalytic conversion of palm oil
residues are other methods to produce acetone from bio–based matter. Ammoxidation of
methane gives hydrocyanic acid.
For an ethylene route, wood gasification, for example, produces syngas as a feedstock for
methanol to produce the ester or formaldehyde. The spent liquor and bleaching liquor from
cellulose pulp industries are also potential sources for syngas Dubois (2011a). For the ethy-
lene process, methyl propionate is the main intermediate which reacts with formaldehyde–
methanol mixture to produce MMA. For this case, biomass can produce at least a fraction
of one of the reactants Dubois (2011b). Dehydrating ethanol from ethanolic fermentation of
plant matter produces ethylene Dubois (2011b). Acid catalysts transesterify vegetable oils
to biodiesel and glycerol. Oxydehydrating the glycerol produces acrylic acid and proprionic
acid and from there methyl proprionate.
For C4 routes, distillation of fusel oils (fusel alcohols) upgrades biomass to isobutanol. Yeast
ferments plant material to isobutanol. Isobutanol dehydrates to isobutene and in a subsequent
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step partially oxidizes to MAC Dubois (2011a). Global Bioenergies developed technology to
convert sugars to isobutene, while Syngip patented a process starting from CO2. Ethanol or
acetic acid are other primary feedstocks to isobutene (ZAxZryOz catalyst) Sun et al. (2015a,b).
Lucite International UK Limited filed patents to produce MAA from base catalysed decar-
boxylation from itaconic, citraconic, or mesaconic acid Johnson et al. (2011, 2015, 2013);
Eastham et al. (2015). Carlsson et al. reported 70% yield of MAA from itaconic acid. They
proposed a mechanism to decompose citric acid to itaconic acid and then MAA (Scheme 3.21).
Carlsson et al. (1994).
Itaconic, citraconic or mesaconic acids are available from non–fossil fuel derived sources which
are produced from a source of pre–acids, for instance, citric acid or isocitric acid. These pre–
acids dehydrate and decarboxylate to itaconic, citraconic or mesaconic acids or from aconitic
acid by decarboxylation Eastham et al. (2015). Fermenting sugars produce the citric acid
and isocitric acid. The maximum selectivity of MAA was 40%, 49% and 52% for citraconic
acid, itaconic acid and mesaconic acid, respectively Eastham et al. (2015). Base catalysts
decarboxylate these substrates best at temperatures above 250 ◦C (Table 3.28) Johnson et al.
(2013, 2011, 2015).
Lucien et al., tested base-catalyzed decarboxylation of itaconic acid over transition metal
catalysts in which the base part was 0.5M NaOH. The maximum yield of MAA was 65%
over Pd/C–NaOH catalyst at 250 ◦C where the conversion of itaconic acid was 97.3% Notre
et al. (2016).
One disadvantage of the biobased routes relates to the atom economy : the O/C of sugars
is 1 but it is equal 0.5 for MAA. Furthermore, the process rejects 2 atoms of carbon per
molecule of sugar (C6H12O6). The molar mass of MMA is 100 gmol−1 compared 180 gmol−1
of glucose. Consequently, yield on a mass basis can be no better than 56%.
Table 3.28 The effect of temperature on MAA yield for decarboxylation of itaconic, citraconic
and mesaconic acids over NaOH Johnson et al. (2013, 2011, 2015)
Reactant Catalyst type Temp., ◦C MAA yield, %
Itaconic acid NaOH (0.5M) 250 19.25
Itaconic acid NaOH (0.5M) 310 58.36
Itaconic acid NaOH (0.5M) 330 56.74
Itaconic acid NaOH (0.5M) 350 54.42
Citramalic acid NaOH (0.005M) 250 33.52
Citramalic acid NaOH (0.005M) 300 80.80
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Schème 3.21 – Reaction network to produc MAA from sugar via citric acid Carlsson et al.
(1994). Reprinted with permission from ref. 226 Copyright 1994 American Chemical Society
3.8 Producing MMA through PMMA depolymerization
Industrial PMMA scraps (off–spec products and cuttings), and some end–of–life PMMA
products are collected and when appropriate ground and re–melted for injection or extrusion,
or they are depolymerized above 350 ◦C. It is one of the very few polymers which unzips the
chain via a radical mechanism to its monomer in high yield and high purity (more than 95%)
and has seen several decades of development. Cast sheets (produced by bulk polymerization of
MMA with little or no additives) are the ideal source for the depolymerization. The installed
capacity for PMMA depolymerization is not reported, but in Europe alone in early 2017
about 10 kt of capacity where available at three sites.
There has been several technology developments for PMMA recycling to the monomer (MMA),
but still, the prevailing technology is the so–called molten lead bath process Domingo et Ca-
banero (1953) : PMMA is crushed to centimeter scale particles and then directly injected
into molten lead Domingo et Cabanero (1953); Tatsumi et al. (1970). The PMMA depolyme-
rizes above 400 ◦C. The produced gases contain mostly MMA which is cooled and purified by
distillation. Some carbonaceous species form in the molten bath and, because of its density
these impurities float on the surface, which is regularly scraped to remove them. This process
is robust and produces refined MMA without any lead impurities. Because the reaction must
be carried out in a controlled atmosphere, contaminates are not released to the environment.
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The major issue is linked to the production of carbonaceous residue containing lead, which
must be treated before disposal. This creates a constraint on the source of PMMA scrap
that can be used. The performance of other molten metals and metal salts is inferieur to Pb
Tatsumi et al. (1970).
Alternative technologies including dry distillation, reactive extrusion–depolymerization, fluid
bed pyrolysis, direct heat transfer with superheated steam or a flame, and even microwaves
have been tested (Fig. 3.26) Mannsfeld et al. (1966); Shapiro (1966).
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Figure 3.26 Flowsheet of the Superheated steam process Mannsfeld et al. (1966)
Dry distillation is probably the oldest process to treat PMMA in which scraps contact a heat
source Rohm et GmbH (1935); Strain (1935). The main disadvantage is the inhomogeneous
reactor temperature so carbon residues form near the wall.
In reactive extrusion, PMMA depolymerizes in an internally or externally heated single screw
extruder or twin screw extruder Tokushige et al. (1973); Bruncke et al. (1995). The extruder
discharges monomer through venting orifices and the monomer cools and condenses. PMMA
depolymerizes under vacuum and more than 95% of the recovered liquid is MMA Tokushige
et al. (1973); Bruncke et al. (1995).
Mitsubishi Rayon operates a 2 kt per year PMMA fluidized bed pilot Sasaki et al. (2007).
This technology was formerly investigated by ICI, Duvergier and Kaminsky et al. (Fig. 3.27)
Kaminsky et Franck (1991); Vaughan et Highgate (1992) In this process, the heat transfer
medium is hot sand that is circulated to be reheated in a separate vessel. The PMMA scraps
are injected into the fluid bed, which the PMMA depolymerizes when it contacts the hot sand.
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The carbonaceous materials produced and the PMMA residues are withdrawn with the sand
then separated. The carbon deposits are burned and the hot sand is returned to the reactor.
Several reactor configurations can be designed based on this principle. The major difficulties
in this process include the fluidization gas selection and how to maintain fluidization over
time. An inert gas to fluidized the bed dilutes the product stream, which then requires larger
vessels and requires more energy. In several cases MMA was proposed as the fluidization gas,
but this could reduce the product quality due to thermal degradation. In the fluidization
process, the PMMA melts and then depolymerizes. If the amount of PMMA in the fluid bed
becomes too large, molten particles agglomerate and render the bed unstable (bed collapse).
As PMMA depolymerizes, the MMA vapor contributes to the fluidization of the bed. But
plant start–up remains problematic and would need an inert gas.
Figure 3.27 Fluidized bed processes to depolymerize PMMA. a) Turbulent fluidized bed (note
that the cross-sectional area of the Duvergier process the vessel increases in proportion to
increase in volumetric flow rate). Solids are withdrawn from the bed and carbon depostits
combusted and returned. A screw feeder introduces polymer to the bed. b) Circulating flui-
dized bed. Carrier gas entrains solids through a riser to a regenerator/heat exchanger. Air
combusts carbon that deposits on the solids and the heated particles return to the transport
bed via a standpipe. Heating coils in the bed maintain the reactor at isothermal conditions.
More recently, Metallgesellscahft Aktiengesellschaft and Rohm GmbH Chemische Fabrik,
investigated a process combining circulating hot sand as heat carrier (to reheat the sand)
and a conveyor where the depolymerization takes place Fabrik et AG (1998). This process
decouples the fluidization of the heat transfer media from the reaction itself.
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3.9 Conclusions
Acetone–cyanohydrine, ethylene, and isobutylene will remain the primary feestocks to pro-
duce MAA and MMA in the near future but emerging technologies offer sustainable al-
ternatives. Catalysis plays a prominent role in these alternative processes with respect to
yield, purity, productivity, and economic viability. These new processes must improve on the
ACH process with respect to the environmental deficiencies. Oxidation/esterification of light
hydrocarbons (C2–C4) are furthest along the development path to compete with the ACH
process, particularly isobutane. Based on hundreds of studies on this technology, Keggin–
type heteropoly compounds are the most promising and achieve the highest selectivity at a
respectable conversion.
Yield is sensitive to the type of metal ion inserted in the Keggin–type structure. Partial
insertion of metal ions with H+ has a positive effect on MAA selectivity mainly by accelerating
MAC → MAA and charge exchange between cation and molybdenum. Cesium is the main
cation that acts as a support and increases surface area and disperses the acid. Most of the
research concentrates on metal cations—V5+, Cu2+, Fe2+,3+, K+, Te4+, and Sb5+—inserted
in cesium salted Keggin–structures (CsxH3-xPMo12O40)
Replacing some Mo with vanadium or adding vanadium in the Keggin–anion ([PMo12O40]3– )
also increases MAA selectivity. Catalyst performance is sensitive to hydrocarbon rich versus
hydrocarbon lean conditions : MAA selectivity is higher inserting metal ions in cesium salted
catalyst in i-C4–rich conditions ; in i-C4–lean conditions MAA selectivity is better adding
metal ions to the pure acid (H3PMo12O40) or inserting ammonium in the catalyst structure
((NH4)xH3-xPMo12O40). Catalyst activity and conversion increase inserting metal ions in the
Keggin structure in i-C4–rich conditions ; however, under lean conditions, conversion was
insensitive to cation insertion.
The best results were obtained under isobutane–rich conditions. Even at low conversion in
this case, recovery and recycle of uncoverted isobutane is economically feasible, while the
cost would be prohibitive to recover a mole fraction of 1% isobutane at the outlet under lean
conditions. The isobutane–lean conditions make sense only if very high conversion and yields
can be achieved.
At the end, the oxidation state of the catalyst is a very important parameter. Several strate-
gies have been defined to control it : pyridine addition, use Sb2O3 (to generate a redox couple
with the HPA). Vanadium is an important element in catalyst formulation. Many authors
have prepared HPVMo catalysts, but the V leaves the Keggin ion to sit next to it, so equally
good catalyst can be prepared by impregnation of vanadyl ion on HPA catalysts.
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The bio-based routes are furtherest from commercialization but are attractive despite the
poor atom economy of sugar based processes.
3.9.1 Future perspectives for development
Partial oxidation of isobutane to MAA is the most attractive emerging technology for com-
mercialization ; however, the partial oxidation step requires a high yield to be competitive
versus alternatives. For example, indirect routes involving either dehydrogenating to isobu-
tene followed by isobutene oxidation (this process has a low technology risk as it is now
well established) or isobutane autoxidation to hydroperoxide of t-butyl, which is used as an
oxidation agent of propylene to produce propylene oxide and generate t-butanol. The latter
can be used as an isobutene substitute in the direct oxyesterification/oxidation to MMA or
MAA but it relies on the propylene oxide market, and is therefore not the preferred option.
The dehydrogenation route would require additional capital cost that might not be optimized
for a small MAA unit. However dehydrogenation yields are rather good, and the cumulated
yields of dehydrogenation and oxidation, would be anyway well above what has been achieved
so far in direct isobutane oxidation.
Acknowledgments
The authors would like to thank CRIBIQ and MITACS for their financial support of this
study.
Biographies
Mohammad Jaber Darabi Mahboub is a PhD candidate in prof. Gregory Patience’s research
group at Polytechnique Montreal. He received his B.Sc. and M.Sc. in Chemical Engineering at
Ferdowsi University of Mashhad (Iran). He has completed experimental work on the partial
oxidation of 2-methyl 1,3-propandiol and is modelling the kinetics in collaboration with
Arkema, France.
Jean–Luc Dubois is Scientific Director at Arkema. He is in charge of Corporate R&D linked
with Catalysis, Processes, Renewables and Recycling. He supervises the long–term projects
in this area, and builds relationships with academic partners and companies for collaborative
research. Graduated from the Hautes Etudes Industrielles (HEI), he did a Voluntary Service
Overseas in Saudi Arabia at the KFUPM/RI. He obtained his PhD from the Institut Français
du Pétrole for his work on Catalysts for Oxidative Coupling of Methane. After a Post-
72
Doctorate at the National Chemical Laboratory for Industry (Tsukuba, Japan), he began
his industrial career as a Research Scientist at the R&D Centre of the refining company
Elf-Antar-France (now TOTAL), and completed a two-year assignment in the laboratories
of Japan Energy in a collaborative research project on hydrodesulphurization catalysts. He
moved to the chemical division of the group, Elf-Atochem (now in-part Arkema) in 1997,
and worked in R&D Centres in Saint-Avold and Pierre-Bénite (France), where he developed
oxidation catalysts and initiate several research projects including dehydration of glycerol
to acrolein/acrylic acid, oxidative coupling of alcohols, cross metathesis to monomers for
polyamide, hydroformylation for monomers, reactive castor seed crushing to methyl–ester
and detoxified seed meal. He is the author of more than 100 publications and 150 patent
disclosures.
Fabrizio Cavani is Full Professor of Industrial Chemistry at the Department of Industrial Che-
mistry “Toso Montanari”, University of Bologna. He received a PhD in Industrial Chemistry
in 1986. Then he was hired by EniChem Synthesis, where he contributed to the development
of a new process for cumene synthesis with H–β zeolite. In 1990 he joined the team of Prof.
Ferruccio Trifirò at the University of Bologna. He is author of about 200 papers, more than
30 patents and a few books on Oxidation Catalysis.
Mohammad Rostamizadeh is an Assistant Professor of Chemical Engineering at Sahand
University of Technology (Iran). He received his PhD in Chemical Engineering at the Iran
University of Science and Technology (Iran) in 2014 working under the supervision of Prof.
Abbas Taeb on the synthesis and characterization of zeolite nanocatalyst for methanol to
olefin (MTO) reaction. During his doctoral studies, he joined the research group of Prof.
Gregory S. Patience at Polytechnique Montreal as a visiting PhD student and worked on
catalyst design and shaping for different processes.
Gregory S. Patience returned to academia in 2004 (Polytechnique Montreal) after 14 years at
E. I. du Pont de Nemours. His industrial career involved roles in commercializing vanadium
pyrophosphate catalyst (Delaware), designing and operating a circulating fluidized bed reac-
tor to convert n-butane to maleic anhydride (Asutrias, Spain), and technical marketing and
managing the Fibres Technology Laboratory (Geneva, Switzerland). He has authored books
on communication and experimental methods and has contributed to 140 articles and a do-
zen patents. He was awarded a Canada Research Chair in High Temperature, High Pressure
Heterogeneous Catalysis in 2017.
73
CHAPTER 4 ARTICLE 2 – GAS PHASE OXIDATION OF
2- METHYL-1, 3- PROPANEDIOL TO METHACRYLIC ACID OVER
HETEROPOLYACID CATALYSTS
Mohammad Jaber Darabi Mahboub, Samira Lotfi, Jean-Luc Dubois, Gregory S Patience
Published : Catalysis Science & Technology, 6 (17), 2016, 6525–6535
4.1 Abstract
The acetone cyanohydrin process (ACH) to produce methyl methacrylate (MMA) relies on
expensive and toxic feedstock and suffers from low yield. Methacrylic acid (MAA) esterifica-
tion to MMA is an alternative to ACH. However, current processes to produce MAA require
multi steps and catalysts lifetime are short. Here we report an alternative chemistry based on
2–methyl–1,3–propanediol (2MPDO) which is a co–product of the hydroformylation of allyl
alchohol to 1–4 butanediol. Cesium salt of the Keggin type heteropoly acid (HPA) partially
oxidized the 2MPDO to MAA. Inserting vanadium into the HPA reduced the Mo6+ to Mo5+,
and promoting it with copper increases selectivity to MAA but decreases conversion by 11%.
The HPA catalyst operated in a gas phase fluidized bed in which 0.3 mm nozzle atomized the
2MPDO liquid feed into the bed at 250 ◦C. The maximum selectivity to MAA and metha-
crolein (MAC) was 41% and 33%, respectively at 63% conversion. In the first step, oxygen
reacts with 2MPDO to form 3–hydroxy–2–methylpropanal. This intermediate dehydrates to
methacrolein (MAC) in the second step, and finally in the third step oxygen reacts with
MAC to form MAA. The main by-products were methane (gas phase) due to decomposition
of reactant and 2–methyl–propanal (liquid phase) because of hydrogen transfer of MAC.
4.2 Introduction
Methyl methacrylate (MMA) is a monomer for poly–methyl–methacrylate (PMMA) (known
as Plexiglasr or Altuglasr Jing et al. (2014b)) and a speciality chemical for paints and
coatings Nagai (2001); Godfrey (1963); Kung (1994), polymers (MBS), a modifier for PVC,
as a cement for total hip and knee replacements W.Dormer et al. (1998), and for bone inserts
Smith et al. (1999). The current process is based on acetone cyanhydrin (ACH) that relies
on hydrogen cyanide and concentrated sulfuric acid Mizuno et Yahiro (1998); Deng et al.
(2005). Excess concentrated sulfuric acid generates large quantities of byproduct ammonium
bisulfate Cavani (2010); Mizuno et al. (1996b); Knapp et al. (2001). Mitsubishi Gas Chemicals
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developed an ACH process to address the environmental and toxic issues. Short catalyst
lifetime and parasitic reactions remain to be solved Shuji et al. (1994); Kiochi (1999).
Methacrylic acid (MAA) is the principal substrate for MMA. Annual production has sur-
passed 4000 kt in 2002 and increases ata rate of 5% per year Communities (2002). Ethylene
and propylene are potential feedstock to produce MAA and would have alower environmen-
tal impact compared to the ACH process Nagai (2001); Mizuno et Yahiro (1998); Merger et
Foerster (1984); Montag et Mckenna (1991); Drent et Budzelaar (1996); Visuvamithiran et al.
(2013); McGarvey et Moffat (1991). Ethylene reacts with carbon monoxide and water to pro-
duce propionaldehyde, propionic acid, methyl propionate and methacrolein as intermediate
products over Cs/SnO2−SiO2 catalystMontag et Mckenna (1991). Increasing catalyst acti-
vity to fully convert intermediate products is under investigationMerger et Foerster (1984);
Montag et Mckenna (1991). Other chemistry that relies on CO and HCHO as a feedstock
also involves a multiple steps and consequently investment costs are highDrent et Budzelaar
(1996). The Lucite ALPHA process relies on ethylene, CO and CH3OHDrent et Budzelaar
(1996).
Oxidizing propylene in CO, H2 and water is another alternativeNagai (2001). First propylene
reacts to form isobutyric acid that further reacts to MAANagai (2001). High by–product
selectivity, low yield isobutyric acid and short catalyst life time are the main drawbacks
of this processMcGarvey et Moffat (1991). Moreover, separating isobutyric acid from MAA
is challenging, which necessitates near complete conversion of isobutyric acidNagai (2001);
McGarvey et Moffat (1991). These disadvantages impede the commercialization of this che-
mistry.
Direct oxidation of isobutane to MAA is an attractive process because the reaction is exother-
mic and it conserves carbon (atom economy). Inexpensive feedstock, reduced environmental
impact (compared to the other processes), reduced inorganic waste and co–products, and
a simple one–step process are advantages of this processSultan et al. (2004); Cavani et al.
(2001f).
Selectivity to MAA with heteropoly compounds and vanadium pyrophosphate catalyst have
reached 49% after 90 h reaction time Sultan et al. (2004); Cavani et al. (2001f); Misono
(2001); Kanno et al. (2010); Zhang et al. (2013); Paul et al. (2010); Jing et al. (2014a); Wang
et al. (2016); He et al. (2015); Mizuno et Mison (1998); Mizuno et al. (1998). The process
operates above the upper flammability region in oxygen lean condition, single pass conversion
of the hydrocarbon is dictated by the oxygen concentration and as a consequence it is below
25% Cavani et al. (2001f).
Recently, Pyo et al. Pyo et al. (2012) proposed a new approach to produce MAA from 2MPDO
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which oxidized through bioconversion to 3–hydroxy–2–methylpropionic acid via 3–hydroxy–
2–methylpropanal and the catalytic dehydration of the resulting acid in the presence of a
micro–organism. Titanium dioxide (at 210 ◦C) converted the intermediate to MAA Pyo et al.
(2012). The productivity of this bioroute remains low and expensive due to the enzymes.
Arkema France applied for a patent in which MAA produced from 2MPDO over mixed
oxides or heteropolycompounds consisting of Cs, Mo, P, V, Sb and Cu, and selectivity to
MAA was 24% Dubois (2014).
2MPDO is a co-product of 1,4–butanediol in the hydroformylation process of allyl alcohol
and has not much application besides usual glycol application. It is an easily handled liquid
and has an intermediate boiling point to decompose at mild temperature which can be a
proper potential reactant to produce MAA Dubois (2014). In this study, we partially oxidized
2MPDO to MAA and MAC over heteropolyacids with cesium (Cs), vanadium (V) and copper
(Cu).
4.3 Experimental
4.3.1 Catalyst preparation
We prepared several catalysts with several metal ions and concentrations (preliminary scree-
ning) and found that mixtures of cesium–ammonium in a Keggin structure in presence of
vanadium and copper improved catalyst activity and selectivity. In the experimental design,
we considered each metal ion as an independent factor at two levels, 23 = 8 experiments
(Table 1).
Preparing Na2HPMo12O40 as a precursor.
Sodium molybdate (26.45 g) dissolved in 35mL of distilled water. We added 0.656ml H3PO4
(85% by volume) dropwise to the solution followed by 97.4mL of HClO4 (70% by volume)
with the flow rate of 2mLmin−1 until phosphomolybdic acid disodium salt precipitated
Table 4.1 Factorial design—metal ion molar concentration and levels
Parameter Symbol Min Max
Cesium (mole) x 1 3
Vanadium (mole) y 0 1
Copper (mole) z 0 0.5
Csx(NH4)3-xPMo12O40(VO)yCuz 23 = 8
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(yellow solid). A sintered porous glass filter (n◦4) separated the solids from the supernatant
and subsequently the solids dried for 24 h at 100 ◦C Daubrege (1998). In this case we prepared
20 g of Na2HPMo12O40.
Csx(NH4)3-xPMo12O40(VO)yCuz catalyst.
A NH4NO3 solution (0.1M) dissolved 1.87 g CsNO3 into which we added a Na2HPMo12O40
solution (0.2M) at a flow rate of 2mLmin−1 while stirring vigorously until a fine precipitate
formed. A centrifuge separated the precipitate from the supernatant and an oven dried the
solids (Csx(NH4)3-xPMo12O40) for 16 h at 120 ◦C. 35mL of deionized water dissolved 2.2 g of
VOSO4 · 5H2O and 1.05 g of Cu(NO3)2 · 3H2O, which was then added with the flow rate of
2mLmin−1 to the solids. A Rota–evaporator homogenized the resulting thick slurry for 3 h.
It then dried for 16 h at 120 ◦C in a ventilated oven, and calcined for 4 h with the temperature
ramp of 2 ◦Cmin−1 at 350 ◦C under air atmosphere Daubrege (1998); Misono (2001); Okuhara
et al. (2000); Okuhara (2002); Bruckner et al. (2007).
The catalyst powder belong to the Geldart Group B classification : We sieved it to reject
particles smaller than 90µm and greater than 150µm. Catalyst particle density varied around
3000 kgm−3.
4.3.2 Catalyst characterization
An Autosorb-1 nitrogen porosimeter measured the surface area and total pore volume. The
sample degassed 3 h at 200 ◦C to evaporate residual water.
A TA-Q50IR TGA ramped the used and fresh catalyst samples to 1100 ◦C at 5 ◦Cmin−1 and
measured the mass loss with time to assess thermal decomposition and coke formation. It
maintained a continuous nitrogen flow equal to 20mLmin−1.
A Philipps X’pert diffractometer scanned the catalyst samples with a Cu-Kα radiation source
(1.542Å at 50 kV and 40 mA) over 2θ (5° to 70°) to identify the crystalline structure.
Field Emission Scanning Electron Microscope (FE–SEM) (Jeol JSM-7600TFE) characterized
the morphology of the fresh and used catalysts. An EDX detector identified the elemental
distribution on the surface.
4.3.3 Reaction procedure
Fluidized bed micro reactors have several advanatages over fixed bed reactors to derive kine-
tics. Fluidized beds operate isothermally and radial gradients are minimal. Catalyst oxidation
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states are uniform throughout the bed due to the continual mixing induced by bubbles. On the
other hand, in fixed bed reactors, axial and radial concentration and temperature gradients
can be significant particularly in the case of catalyst deactivation or coking Kaarsholm et al.
(2007). Diluting the bed with inert powders attentuates these affects at the risk of adding
uncontrolled parasitic reactions of intermediates. In micro fluidized bed reactors, bypassing
is minimal since the bubble size are on the order of mm and we routinely approach 100%
conversion. Finally atomizing gases and liquids into fluidized beds ensures heat transfer rates
several order of magnitude greater than in fixed beds.
Therefore, we conducted all experiments in a µ-fluidized bed reactor consisting of a 520mm
long quartz tube with an inner diameter of 8mm (Fig. 4.1). A 20µm ceramic disk distribu-
ted the gas across the diameter of the tube. It was placed 250mm from the bottom of the
tube. A three-zone furnace maintained the reactor under isothermal conditions and a thermo-
couple monitored the temperature. Mass flow controllers (from 20−200mLmin−1) metered
the argon and oxygen flow rates and a syringe pump injected the liquid feed (2MPDO) to
a nozzle that atomized the liquid with argon. An Omega pressure transducer (250 mmH2O
Full Scale) monitored the pressure drop across fluidized bed. Before each experiment, argon
purged reactor while the furnace ramped the bed temperature to the desired temperature.
Heat tape traced the exit line to minimize product polymerization and condensation. A
quench with distilled water trapped condensable products. A pump circulated the water so-
lution from the bottom of the quench to the exit line of the reactor to improve the dissolution
of the condensables. A Gas Chromatograph Mass Spectrometer (Agilent 7890A) (GC–MS)
identified compounds from both the liquid and the gas and Pfeiffer Vacuum Thermostar on–
line mass spectrometer (MS) monitored the gas eﬄuent from the quench. High Performance
Liquid Chromatograph (Varian Prostar) (HPLC) quantified condensable products and reac-
tant in liquid phase. A filter at the gas exit line prevented fines from contaminating the
on–line MS, GC–MS and GC (Brucker Gas Chromatograph Scion 456-GC).
The conversion of 2MPDO (X2MPDO) as well as products selectivities(Sp) were calculated as
followsLotfi et al. (2015) ;
X2MPDO(mole%) =
nin2MPDO − nout2MPDO
nin2MPDO
× 100 (4.1)
Sp(mole%) =
np
nin2MPDO − nout2MPDO
× zp
z2MPDO
× 100 (4.2)
where nin2MPDO and nout2MPDO are the molar flow rates of 2MPDO at reactor entrance and exit.
In Eq. (2), np is the molar stream of each product. zp and z2MPDO represent the number of
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carbon atoms of the products and 2MPDO.
µ-fluidized beds have high heat and mass transfer rates compared to fixed bed but atomi-
zing liquids into the small diameter tubes can agglomerate the solids Lotfi et al. (2015). To
optimize the spray we tested the ratio of liquid 2MPDO to Aratomization, pressure drop, and
nozzle spray configuration to avoid slumping the fluidized bed Liu et al. (2008). The best
design consisted of atomizing the 2MPDO into a chamber below the nozzle rather than Ar
atomizing the liquid at the nozzle tip. We fixed the Aratomization flow rate to 20mlmin−1 and
varied the liquid flow rate. At liquid injection rates greater than 0.05mLmin−1 the injector
blocked. The nozzle tip diameter was 0.3mm and the optimal liquid injection rate at 250 ◦C
was 0.03mLmin−1. The heater maintained the top of the catalyst bed at 300 ◦C to minimize
product condensation. We monitored the pressure drop of the bottom and top of the reactor
to reach the uniform pressure fluctuation to calculate the Umf .
Blank tests — injecting 2MPDO into the reactor empty — demonstrated the reactor was
inert. Based on literature studies (Lotfi et al., 2015), we set the reactor temperature and
feed composition and tested the performance of the eight catalyst samples. We selected
the catalyst with the highest yield to MAA and MAC to identify the optimum operating
conditions.
4.4 Results and discussions
4.4.1 Catalyst morphology
HPAs containing cesium (Cs+) have a higher specific surface area compared to the parent acid
(H3PMo12O40). Copper decreases surface area in all samples (Table 5.2). All the catalysts are
micro–mesoporous materials with pore diameter of 15Å to 40Å. The used catalysts have a
lower surface area, pore volume, and pore diameter compared with the fresh ones. The pore
volume of the prepared catalysts is very low (<0.20mLg−1) and after the reaction dropped
to <0.15mLg−1.
4.4.2 XRD specification
The main crystalline peaks before and after the reaction for three calcined catalysts are
similar (Fig. 4.2). The catalysts have a crystalline cubic structure and the main diffraction
peaks are at 2θ= 10.6◦, 18.5◦, 24.1◦, 26.1◦, 30.6◦, 36.0◦ and 39.3◦. Ammonium salts of 12–
molybdophosphoric acid have the same pattern : the diffraction peaks at 2θ = 10.6◦, 26.4◦
and 36.0◦ correlated to (110), (222) and (332) planes, respectively Nair et al. (2010).
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Figure 4.1 Schematic of the experimental set–up
Table 4.2 Specific surface area of fresh (S1BET) and used (S2BET) catalysts
Catalyst abbreviation S1BET S2BET
(m2/g) (m2/g)
(NH4)3PMo12O40 parent acid 9 –
Cs(NH4)2PMo12O40 Cs−NH4 19 8
Cs(NH4)2PMo12O40(VO) Cs1−V 38 36
Cs(NH4)2PMo12O40Cu0.5 Cs1−Cu 19 5
Cs(NH4)2PMo12O40(VO)Cu0.5 Cs1−V−Cu 24 21
Cs3PMo12O40 CPM 44 26
Cs3PMo12O40(VO) Cs3−V 41 26
Cs3PMo12O40Cu0.5 Cs3−Cu 26 19
Cs3PMo12O40(VO)Cu0.5 Cs3−V−Cu 31 6
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The general formula for catalyst and support is Csx(NH4)3-xPMo12O40. Substituting more
cesium (x≥2) for ammonium decreases active phase concentration ((NH4)3PMo12O40). In
this case, XRD is incapable of detecting the dispersed (active) phase, hence it only shows
the body centered cubic phase which allocated to support Kendel et Brown (2011). XRD
detects two phases related to the dispersed phase and support for x<2. In our experiments,
all catalysts displayed the cubic phase associated with the pure alkaline heteropolysalts.
Partially substituting NH+4 with Cs (e.g. Cs1−V−Cu) formed a second phase (shown with
circle in Fig. 4.2c and f).
The used catalysts maintained their Keggin structures : due to the structural decomposition of
the catalyst (Cs1−V−Cu, for example) MoO3 forms (shown with star in Fig. 4.2f). However,
there is no MoO3 in Fig. 4.2d and e, which confirms that higher cesium concentrations
thermally stabilize the catalyst.
4.4.3 TGA specification
CPM, Cs3−V−Cu, and Cs1−V−Cu catalysts lose mass during a temperature ramp (Ther-
mogravimetric analysis) in two steps (Fig. 4.3) : physisorbed water escapes in the first step
below 120 ◦C ; in the second step, ammonia evolves above 350 ◦C from the active phase which
leads to a H3PMo12O40(VO)Cu0.5 dispersed over Cs3PMo12O40. In parallel, the heteropoly-
compound liberates acidic protons and forms a Keggin-structure Jing et al. (2013, 2014b).
Catalyst containing P−Mo−V−O also decomposes to metal oxides such as VOx, MoOx,
etc. Finally, P2O begins to sublime which accounts for the further weight loss above 500 ◦C
(Fig. 4.3) Jing et al. (2013, 2014b).
The thermal stability of the CPM was superior to either the Cs1−V−Cu or the Cs3−V−Cu.
The weight loss increased in the following order : CPM (2.8%) < Cs3−V−Cu (5.2%) <
Cs1−V−Cu (7.8%). We observed the same pattern in the used catalysts : increasing the
amount of Cs decreased the weight loss.
The fresh catalyst had more adsorbed water but the weight loss in the used catalyst was higher
in the second step, (<320 ◦C), which we attribute to coke (or possibly adsorbed polymeric
carbon). We confirmed that the mass loss in the TGA was due to carbon by measuring the
CO and CO2 signals during the regeneration step (3% to 4% of the mass of the catalyst was
carbon).
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Figure 4.2 XRD diffractograms : a) CPM, b) Cs3−V−Cu, c) Cs1−V−Cu (d, e, and f refer
to used catalysts, respectively).
Figure 4.3 Thermogravimetric analysis : a) Cs1−V−Cu, b) CPM, c) Cs3−V−Cu (a′, b′, and
c′ refer to used catalysts, respectively).
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4.4.4 Morphological studies
The surface of the Cs1−V−Cu before and after the reaction was rough with particle grains
varying from 20 nm to 500 nm (Fig. 4.4). The surface did not sinter. EDX spectrum of used
Cs1−V−Cu (Fig. 4.5) confirms the presence of Cs, Mo, P, V, and Cu, while, the used catalyst
shows some dark spots related to carbon (Fig. 4.4b).
4.4.5 Catalyst composition
We conducted the first series of experiments with 2 g of each catalyst at 350 ◦C and the feed
composition of 26%/ 13%/61% for 2MPDO/O2/argon, respectively. The total feed flow at
reaction temperature was 210mLmin−1, and all experiments lasted 100 minutes. We assessed
the effect of the metal ions in the HPA structure and temperature on selectivity to MAA and
MAC with eight experiments (Table 5.3).
The maximum selectivity to MAA andMAC was 11% and 23%, respectively over Cs1−V−Cu.
The conversion of 2MPDO for all experiments was 100%. Partial substitution of NH4 with
Cs in the Keggin structure and inserting of V, Cu as an oxidant and promoter, respectively,
increased selectivity to MAA and MAC. Selectivity to MAA and MAC was lower for catalysts
with higher Cs loading (e.g. CPM). Oxygen conversion ranged from 93% to 100%. Partial
oxygen conversion is preferred to maintain the catalyst oxidation state and minimize coke
from forming. At high temperature the 2MPDO formed methane (selectivity ∼ 40%) rather
than MAA and MAC. The catalyst color changed from green/yellow to black due to coke or
reduction. The carbon and oxygen balances were in the range of 77% to 89% and 61% to
103% , presumable due to the coke.
Table 4.3 Selectivity of main products over catalysts at 350 ◦C
Catalyst Selectivity (%)MAA MAC CO2 CO CH4
Coke (%) Carbon balance O2 balance
Cs−NH4 2 14 23 1 42 3 85 79
Cs1−V 4 16 8 25 28 2 82 103
Cs1−Cu <1 13 4 33 32 2 86 99
Cs1−V−Cu 11 23 21 — 32 2.5 89 96
CPM — 3 7 27 39 3 79 73
Cs3−V 1.3 12 21 <1 41 3 79 64
Cs3−Cu <1 9 20 1.5 43 4 77 61
Cs3−V−Cu 3 15 7.5 22 37 3 87 84
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Figure 4.4 FE-SEM characterization for a) fresh C1−V−Cu, b) used C1−V−Cu
Figure 4.5 EDX spectrum of used Cs1−V−Cu catalyst
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At 250 ◦C with Cs1−V−Cu, conversion decreased to 71%. Coincidentally methane selectivity
decreased to 26% while the MAA and MAC selectivity rose to 14% and 35%, respectively.
4.4.6 Optimum catalyst composition and reaction conditions
The reaction time for each of the kinetic experiment (2 levels each for oxygen and 2MPDO
at 250 ◦C) was 100 min. In this study we tried to find the proper catalyst composition
(mixture of metal ions) to make sure which catalyst has a best performance on activity and
selectivity. Then we investigated different feed compositions to reach the maximum selectivity
and monitored the reactant conversion. After each test, an air stream dosed the catalyst at
320 ◦C for 20 min to remove coke (Table 5.4). The MS monitored the eﬄuent concentration
from which we derived the mass of carbon deposited (which helped close the mass balance).
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Table 4.4 Catalyst evaluation in different reaction conditions at 250 ◦C
Run Catalyst type Feed Comp. (%) Conversion (%) Selectivity (%)2MPDO/O2/inert MAA MAC COx CH4
1
CPM
10/10/80 74 < 1 9 42 40
2 10/13/77 76 < 1 6 66 26
3 13/10/77 69 1 13 47 37
4 13/13/74 88 < 1 11 48 37
5
Cs3−V
10/10/80 77 3 13 47 31
6 10/13/77 82 2 7 64 17
7 13/10/77 72 5 11 51 28
8 13/13/74 75 2 15 53 26
9
Cs3−Cu
10/10/80 69 3 7 49 33
10 10/13/77 80 < 1 5 60 28
11 13/10/77 77 3 9 55 29
12 13/13/74 72 < 1 9 56 30
13
Cs3−V−Cu
10/10/80 71 11 22 43 13
14 10/13/77 81 5 14 55 17
15 13/10/77 78 13 31 39 14
16 13/13/74 82 9 27 41 19
17
Cs1−V−Cu
10/10/80 71 31 39 23 5
18 10/13/77 81 23 29 37 9
19 13/10/77 63 41 33 21 4
20 13/13/74 74 30 44 22 4
21
Cs1−V
10/10/80 73 26 41 26 3
22 10/13/77 77 18 22 53 7
23 13/10/77 61 35 37 28 1
24 13/13/74 73 27 43 29 1
25
Cs1−Cu
10/10/80 72 14 51 26 3
26 10/13/77 69 11 31 51 8
27 13/10/77 69 15 48 33 3
28 13/13/74 81 11 37 45 4
29
Cs−NH4
10/10/80 67 16 44 32 3
30 10/13/77 70 14 27 46 13
31 13/10/77 67 17 43 34 8
32 13/13/74 75 11 31 47 5
The maximum selectivity to MAA was 41% and of reached 33% for MAC at 250 ◦C over
Cs1−V−Cu (Table 4). Selectivity was lowest for the CPM and decreased with increasing
oxygen concentration. Therefore, the presence of NH4 in catalyst structure enhanced the
selectivity which concluded that (NH4)3PMo12O40 acted as an active phase dispersed over
support. We suspect that excess oxygen in the gas phase combusted the MAA and MAC.
86
2MPDO– as the feedstock– reacted with oxygen as well. Lower temperature (250 ◦C) and
oxygen concentration (10%) decreased the conversion to 63%. The results again illustrate
that the heteropoly compound catalyst containing cesium, ammonium, vanadium and copper
acted as the best catalyst to produce MAA and MAC (Table 4).
The patent reports similar selectivity (37.5%) for a catalyst containing Mo/V/P/Cu/Sb/Cs
with a molar composition of 10/0.7/1.1/0.4/0.3/0.5 after 180min at 315 ◦C and a molar feed
ratio of 2MPDO/O2/H2O/inert of 1/2/10/12 Dubois (2014). Here, the best catalyst reaches
a 10% higher selectivity in about half the time Dubois (2014).
The selectivity to MAA over Cs1−V−Cu increased steadily with time– on–stream (Fig. 4.6).
After 30 min it reached 20% then exceeded 40% at 100 min. The MAC selectivity at the
beginning of the reaction was higher than MAA and then it decreased (Fig. 4.7). We in-
jected MAC as a reactant and did the reaction with the same conditions and it converted
to MAA, CO and CO2 which clearly showed that MAC is an intermediate step to produce
MAA. 2MPDO conversion followed a similar trend as the MAA selectivity (Fig. 4.8). The
conductivity meter monitored the products online and confirmed there was no product until
20 minutes after initialing the reaction ; the conductivity increased rapidly thereafter. Even
after 100min, the catalysts continue to activate and selectivity increases. However, the aim
of this study screen catalysts to optimize its composition and later we study the reactor
performance as a function of operating conditions.
Figure 4.7 MAC selectivity in different reaction conditions over Cs1−V−Cu catalyst
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Figure 4.6 MAA selectivity in different reaction conditions over Cs1−V−Cu catalyst
Figure 4.8 2MPDO conversion in different reaction conditions over Cs1−V−Cu catalyst
GC–MS (Fig. 4.9a,b) and HPLC (Fig. 4.9c) samples confirmed the presence of MAA and
MAC in liquid and gas phases and also confirmed that the MAA and MAC selectivity during
the first 20 min were low. The HPLC and GC–MS detected traces of acrylic acid and displayed
some unknown peaks as well (Fig. 4.9). COx selectivity reached 21%. We were able to close a
carbon mass balance to within 8% (92%–105%) including the coke deposition. This difference
was due to the unknown by-products formed during the reaction and appearing as minor
peaks in the HPLC or GC–MS chromatogram (Fig. 4.9, Table 5.5). The oxygen balance was
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in the range of 77% –111%. Methane was the main by-product which the selectivity was
between 3% and 39%.
4.4.7 Evaluation of metals element in catalyst structure
We determined the effect of each cation elements in the catalyst structure to reach the
maximum selectivity for desired products with STATISTICAr Software. The substitution
of Cs+ as cation for H+ in Na2HPMo12O40 formed an alkaline salt acting as a support over
which the active phase was dispersed and thermally stabilizedSultan et al. (2004); Paul et al.
(2010); Mizuno et Yahiro (1998). Therefore, it was the key parameter for the development
of an active catalyst to partially oxdize 2MPDO. Moreover, adding Cs is known to increase
the surface area of these catalysts Sultan et al. (2004). Partial substitution of ammonia with
cesium and adding vanadium and copper enhanced the selectivity (Fig. 4.10).
Vanadium in the form of V5+ improved the catalyst activity and selectivitySultan et al.
(2004); Cavani et al. (2001f); Jing et al. (2013). Ammonium ions reduced the active metal
oxidation state that consequently increased MAA selectivity. Calcining at 350 ◦C partially
vapourized ammonium creating vacancies and Mo reduced from 6+ to 5+Sultan et al. (2004);
Jing et al. (2013). In other words, vanadium atoms were easily removed from the primary
structure and participated in the reduction of the catalyst but had no effect on the activation
of 2MPDO. Copper facilitated catalyzing the reduction of molybdenum which thus impro-
ved the activity and surface acidity of the catalyst Cavani et al. (2001f). However, copper
did not have a significant effect on catalyst performance in the absence of ammonia in the
catalyst structure. Vanadium had a positive effect on all catalysts. Fig. 4.10a shows that the
catalyst with lower cesium in the presence of vanadium and copper have a higher selectivity
corresponding with catalyst in higher cesium (Fig. 4.10b) which confirms the results of Table
4. Other words, complete substitution of cesium with ammonium had a negative effect on
selectivity.
4.4.8 Possible mechanism
The products are detected by GC–MS and HPLC include methacrylic acid, methacrolein,
2–methyl propanal, methane, propanal, butanal and dioxane (Table 5). To account for the
MAA and MAC, 2MPDO dehydrates to MAC which then oxidizes to MAA (Fig. 4.11). The
HPLC and GC–MS did not detect 3-hydroxy-2-methylpropanal or methallyl alcohol ; howe-
ver, Kishida et al. proposed the same mechanism for the dehydration of glycerol to lactic acid
with 2–hydroxypropenal as an intermediate Kishida et al. (2005). Furthermore, hydroxypro-
panal is an intermediate in the oxidation of 1,3–propanediol to acrolein Díaz et al. (2010).
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Figure 4.9 Analytical analysis of products a) GC–MS gas phase, b) GC–MS liquid phase, c)
HPLC liquid phase
Table 4.5 Major products in liquid and gas phases detected by GC–MS
No. Name Phase z/m (%) structure
1 Nitrogen Liquid 28, (M+, 100) — — — — —
2 Propanal Liquid 58, (M+, 90) 39, (6.6) 29, (100) — — —
3 Methacrolein Liquid 70, (M+, 100) 43, (24.5) 42, (21.5) 41, (91) 39, (78.7) 29, (14.3)
4 Methacrylic acid Liquid 86 (M+, 73.6) 69, (57.3) 59, (46.9) 43, (50.7) 41, (53.2) 45, (100)
5 1,3,Dioxane,2-ethyl-5-methyl Liquid 129, (M+, 12.8) 101, (100) 59, (63.3) 57, (34.7) 55, (88.2) 42, (28.9)
6 2-methyl,1,3-propanediol Liquid 90, (M+, 1.5) 57, (40.9) 43, (21.2) 42, (100) 41, (39.8) 39, (13.4)
7 4-methyl-1,3-Dioxane Liquid 102, (M+, 55.4) 55, (21.7) 42, (100) 41, (35.5) 39, (16.9) 31, (13.5)
8 1,3-Dioxane,2-heptyl Liquid 200, (M+, 1.2) 101, (100) 73, (33.1) 55, (75.5) 43, (34.7) 41, (18)
9 2-methyl-propanal Liquid 72, (M+, 61.3) 43, (100) 41, (28.4) 39, (14.2) 29, (37.4) 27, (19.3)
1 Propanal Gas 58 (M+, 90.6) 57, (25) 29, (100) 28, (71.2) 27, (54.8) 26, (17.8)
2 2-methyl-propanal Gas 72, (M+, 50.2) 43, (100) 41, (80.8) 39, (26.9) 29, (29.3) 27, (39.8)
3 Methacrolein Gas 70, (M+, 85) 42, (18.5) 41, (100) 40, (13.3) 39, (82.6) 38, (14.6)
4 Butanal Gas 72, (M+, 64.6) 70, (19.3) 57, (28.4) 44, (100) 42, (19.7) 41, (91.1)
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Figure 4.10 Cation element evaluation in catalyst performance with a) Lower Cs b) higher
Cs
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Therefore, we assume that first 2MPDO reacts to form 3–hydroxy–2–methylpropanal that
dehydrates to MAC. To confirm 3–hydroxy–2–methylpropanal is a possible (and likely) inter-
mediate, we added sulfuric acid to a mixture of methacrolein with water and held it at 90 ◦C.
After 24 h we withdrew an aliquot and the GC-MS detected 3–hydroxy–2–methylpropanal.
Hydrogen reacts with the MAC to form 2–methyl propanal, which is a major by-product. It
is known that allylic alcohol oxidizes to acrolein Schulz et Cox (1993). Moreover, MAC and
MAA re–oxidized to COx. Therefore, an alternative mechanism assumes that the 2MPDO
dehydrates to 2-Methyl-2-propen-1-ol (β–Methallyl alcohol). Oxygen reacts with this inter-
mediate to form MAC and water. Dioxane was also produced due to the cyclization of the
starting material with itself, or with intermediates. Making a C3 from a C4 is not surprising
since we have seen a lot of methane as a side product. Larger molecules produced due to
some coupling reactions from the starting reactant leading to dioxane. However, these are
generally present in small amount. From the same reaction mechanism (oxidation of iso-
butylene/isobutane to MAA), it is not uncommon to find smaller and larger molecules in
oxidationCapua et al. (2007).
4.5 Conclusions
Catalysts containing cesium and ammonia in presence of vanadium and copper in Keggin
structure had the best performance for this reaction. The selectivity to MAA increased with
an decrease in oxygen concentration over a Cs1−V−Cu catalyst and at the end of reaction, it
reached 41% and 33% selectivity for MAA and MAC, respectively. The main by-products are
methane (produced by thermal decomposition) and 2–methyl propanal which is produced by
hydrogen spillover of MAC. The fluidized–bed reactor minimizes hot spots and homogeneous
carbon distribution over the catalyst surface, it would be an ideal reactor type to regenerate
the catalyst compared other conventional fixed beds.
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Figure 4.11 Expected reaction pathways for partial oxidation of 2MPDO
94
CHAPTER 5 ARTICLE 3 - PARTIAL OXIDATION OF
2–METHYL–1,3–PROPANEDIOL TO METHACRYLIC ACID :
EXPERIMENTAL AND NEURAL NETWORK MODELING
Mohammad Jaber Darabi Mahboub, Mohammad Rostamizadeh, Jean-luc Dubois, Gregory
S Patience
Published : RSC Advances, 6 (115), 2016, 114123–114134
5.1 Abstract
Methacrylic acid (MAA) is a specialty intermediate to produce methyl methacrylate (MMA),
which is a monomer for poly methyl methacrylate. Current processes to MMA and MAA rely
on expensive feedstocks and multi–step processes. Here we investigate the gas–phase oxida-
tion of 2–methyl–1,3–propanediol (2MPDO) to MAA over heteropolycompounds as effective
catalysts, finding that the maximum selectivity to MAA was 41% with 63% conversion of
reactant at 250 ◦C over Cs(NH4)2PMo12O40(VO)Cu0.5. Cesium (Cs) stabilized the catalyst
structure at 250 ◦C, and vanadium (V) and copper (Cu) played a positive role as an oxidant
and promoter, respectively. A 0.3mm nozzle atomized the liquid reactant over the catalyst
surface into a µ–fluidized bed reactor. The proposed Artificial Neural Network (ANN) model
predicts MAA selectivity based on 2MPDO and oxygen compositions and catalyst compo-
nents (Cs, V, Cu) as independent factors. The model accounts for 97% of the variance in the
data (R2=0.97). Vanadium as a catalyst component and oxygen concentration are the two
most significant factors. Genetic algorithms (GA) coupled with ANN modeling optimized the
input parameters to improve the selectivity. The selectivity to MAA over the optimized ca-
talyst (Cs(NH4)2PMo12O40(VO)Cu0.15) and optimum feed compositions (2MPDO/O2/Ar=
13%/10%/77%) was 43% at 250 ◦C.
5.2 Introduction
Methyl methacrylate (MMA) is a constituent in paint, coating dispersion agents, modifiers for
PVC, bone inserts and is a monomer for poly–methyl–methacrylate (PMMA)Nagai (2001);
Godfrey (1963); Kung (1994); Smith et al. (1999); W.Dormer et al. (1998). One process to
produce MMA is based on acetone and cyanohydrin but the reactants are expensive and it
generates a high volume of byproducts Mizuno et Yahiro (1998); Deng et al. (2005); Cavani
(2010); Mizuno et al. (1996b); Knapp et al. (2001). Methacrylic acid (MAA) is the principal
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monomer to produce poly(methacrylic acid) ; however, it is a potentially economic feedstock
to produce methyl methacrylate. Catalyst lifespan, multi–step reaction processes and low
conversion impede the commercialization of the oxidation of light hydrocarbons (ethylene,
propylene, isobutene and isobutane) to MAA Wood (2001); Nagai (2001); Mizuno et Yahiro
(1998); Merger et Foerster (1984); Montag et Mckenna (1991); Drent et Budzelaar (1996);
McGarvey et Moffat (1991); Sultan et al. (2004); Cavani et al. (2001f); Misono (2001); Kanno
et al. (2010); Zhang et al. (2013); Paul et al. (2010); Mizuno et Mison (1998); Mizuno et al.
(1998). Recently, we proposed the gas–phase partial oxidation of 2–methyl–1,3–propanediol
(2MPDO) to MAA and methacrolein (MAC) rather than olefins. After 1 h time–on–stream,
MAA selectivity in the fluidized bed reactor reached 41%. Dubois (2014); Mahboub et al.
(2016a).
Reaction conditions and catalyst compostion are the main factors to maximize MAA selecti-
vity. Many studies compare the performance of metals versus non–metal ions in the catalyst.
Keggin–type polyoxometalates containing phosphorus and molybdenum are the most active
and selective heterogeneous catalysts for the oxidation of isobutane and 2MPDO to MAA
Mahboub et al. (2016a); Dubois (2014); Nagai (2001); Merger et Foerster (1984); Paul et al.
(2010); Ballarini et al. (2007a); McGarvey et Moffat (1991); Sultan et al. (2004); Cavani et al.
(2001f); Misono (2001); Kanno et al. (2010); Zhang et al. (2013); Mizuno et Mison (1998); Mi-
zuno et al. (1998). However, phosphomolybdic acid (H3PMo12O40) is a poor and non–stable
catalyst to oxidize lower alkanes Kozhevnikov et al. (1996), though inserting metal ions and
protons into the catalyst structure enhanced catalyst performance Okuhara et al. (2000);
Okuhara (2002); Lyons et al. (1999). Substituting Cs+ with H+ in H3PMo12O40 enhances
MAA+MAC yield Okuhara et al. (2000); Sultan et al. (2004); Mahboub et al. (2016a). Ce-
sium forms an alkaline salt in the catalyst structure and acts as a support over which the
active phase is dispersed and thermally stabilized Mizuno et Yahiro (1998); Misono (2001);
Mizuno et Mison (1998); Paul et al. (2010); Okuhara (2002); Mahboub et al. (2016a). Ammo-
nium ions increase the surface area and enhance MAA selectivity Jing et al. (2014b); Cavani
et al. (2001f); Sultan et al. (2004); Jing et al. (2013). Vanadium in the form of V5+ reduces
Mo6+ to Mo5+, which improves or accelerates both the reduction and reoxidation steps and
consequently increases catalytic activity Jing et al. (2013, 2014b); Mizuno et Mison (1998);
Bruckner et al. (2007); Huynh et al. (2009a). Copper (Cu) acts as a promoter into the cata-
lyst structure Mizuno et al. (1998); Mahboub et al. (2016a). Partially substituting iron in a
Keggin anion decreases selectivity to MAA and conversion Knapp et al. (2001). However, it
increases selectivity by inserting into the catalyst structure as a counter cation Knapp et al.
(2001); Min et Mizuno (2001b); Etienne et al. (2003). Langpape et al. demonstrated that
inserting iron into the acid structure of the support on the cesium salt increases selectivity
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without changing the activity of the acid phase Langpape et Millet (2000). Tellurium as
Te4+ is a counter–cation that enhances selectivity to MAA and MAC Huynh et al. (2009a,b).
Hundreds of catalysts oxidize isobutane MAA and MAC (Table 5.1).
Identifying the optimal catalyst composition that maximizes yield and selectivity is time
consuming Rostamizadeh et Rizi (2012). Combinational methods and Design Of Experiments
(DOE) reduce the number of experiments and identify better experimental strategies to
establish the best combination of promoters and dopants Rostamizadeh et Rizi (2012). Black
box modeling and optimization such as response surface methodology (RSM), artificial neural
networks (ANN) and genetic algorithms (GA) are capable of modelling and optimizing the
composition of heterogeneous catalysts Hadi et al. (2016). ANN recognizes, classifies and
generalizes patterns. It reduces experimental noise and can approximate the performance
outside the range of the factor input space Rostamizadeh et Rizi (2012); Rostamizadeh et al.
(2013). The technique does not require knowledge of the phenomenological equations the
describe the process hydrodynamics or the reaction kinetics Rostamizadeh et al. (2013).
ANN is widely applicable in science and technology fields such as economics, chemistry,
separation, chemical engineering, reaction engineering, computer science, water and waste–
water treatment Ahmadpour et al. (2014); Rashidi et al. (2015); Corma et al. (2005); Misra
et Saha (2010); Hamzaoui et al. (2011); Shabanzadeh et al. (2015); Sarve et al. (2015); Adabi
et al. (2015); Asfaram et al. (2016); Ahmadpour et al. (2013).
Rostamizadeh et al. applied ANN modeling to predict methanol conversion and propylene
selectivity in the methanol to propylene reaction (MTP) in a fluidized bed reactor Rostamiza-
deh et al. (2014). Inputs included reaction conditions—temperature, flow rate, pressure, feed
concentration—and catalyst composition—metal ion ratios. The close agreement between the
results and the ANN model demonstrated the applicability of this approach to describe and
predict complex catalytic processes.
Multi–layer feed–forward neural networks with a back propagation training algorithm, known
as back propagation neural network (BPNN) or multi–layer perceptrons (MLPs) are well
established models for engineering applications Rostamizadeh et al. (2013); Orkcu et Bal
(2011).
BPNN consists of input data, hidden layers including neurons, and training data sets Ros-
tamizadeh et al. (2013, 2014). It is necessary to normalize input values to start network
training which acts as linear or nonlinear mathematical function to predict outputs. The
training develops a model according to input data to generate a network Rostamizadeh et al.
(2013, 2014). Mean squared error (MSE) and root mean squared error (RMSE) are the er-
ror functions in the algorithm to compare the model predictions and the experimental data
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Table 5.1 Summary of MAA and MAC production over different kinds of catalysts
Used catalyst Feed Comp. (v/v%) Conversion Temp. Selectivity Ref2MPDO/O2/Inert/Water (%) (◦C) MAA MAC
H3PMo12O40 26/13/49/12 4 340 4 12 Sultan et al. (2004)
H4PMo11VO40 26/13/49/12 3 340 25 39 Sultan et al. (2004)
Cs1.15(NH4)1.85HPMo11VO40 26/13/49/12 6 340 45 15 Sultan et al. (2004)
(NH4)3PMo12O40 26/13/49/12 4 340 33 21 Sultan et al. (2004)
(NH4)3HPMo11VO40 26/13/49/12 2 340 49 32 Sultan et al. (2004)
Cs2.5H0.5PMo12O40 17/33/50/0 16 340 24 7 Mizuno et al. (1996b)
Cs2.5Ni0.08H0.34PMo12O40 17/33/50/0 24 340 27 6 Mizuno et al. (1996b)
Cs2.5Ni0.08H1.34PVMo11O40 17/33/50/0 31 340 29 4 Mizuno et Yahiro (1998)
Cs2HPMo12O40 17/33/50/0 11 340 34 10 Mizuno et al. (1998)
Cs2Te0.3V0.1HxPMo12O40 27/13.5/49.5/10 16 350 54 11 Huynh et al. (2009a)
H1.8Te0.6PMo12O40 27/13.5/49.5/10 6 355 27 22 Huynh et al. (2009a,b)
Cs2Fe0.2H0.4PMo12O40 33.4/17.2/49.4/0 7 340 24 17 Langpape et Millet (2000)
Fe0.85H0.45PMo12O40 33.4/17.2/49.4/0 4 340 9 27 Langpape et Millet (2000)
Cs2HPMo12O40 33.4/17.2/49.4/0 7 340 12 14 Langpape et Millet (2000)
Cs1.5Fe0.5(NH4)2PMo12O40 25/25/35/15 8 360 21 4 Knapp et al. (2001)
Cs1.5(NH4)2PMo11.5Fe0.5O39.5 25/25/35/15 8 360 15 4 Knapp et al. (2001)
HxFe0.12Mo11VPAs0.3Oy 29/29/42/0 24 370 70 4 Deng et al. (2005)
Cs2.5Fe0.08H0.26PMo12O40 17/33/50/0 14 340 – 30 Min et Mizuno (2001b)
H4PVMo/Cs3PMo12O40 26/13/49/12 5 340 42 17 Paul et al. (2010)
Fe0.5(NH4)2.5PMo12O40 26/13/49/12 6 350 32 14 Etienne et al. (2003)
(NH4)3PMo12O40 26/13/49/12 7 380 40 11 Cavani et al. (2001f)
(NH4)3PMo12O40/Sb0.23Ox 26/13/49/12 6 350 45 12 Cavani et al. (2001f)
(NH4)3HPMo11VO40/CPM 27/13.5/49.5/10 15 340 42 10 Jing et al. (2013)
(NH4)3HPMo11VO40/SiO2 27/13.5/49.5/10 11 340 13 15 Jing et al. (2013)
(NH4)3HPMo11VO40 27/13.5/49.5/10 3 340 34 20 Jing et al. (2013)
40 (NH4)3HPMo11VO40/CPM 27/13.5/49.5/10 15 340 42 10 Cavani et al. (2001f)
(NH4)3PMo12O40/Silica 26/13/49/12 10 350 37 3 Ballarini et al. (2007a)
Cs(NH4)2PMo12O40(VO)Cu0.5 13/10/77/0 63 250 41 33 Mahboub et al. (2016a)
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(Fig. 5.1)Hadi et al. (2016); Rostamizadeh et al. (2013, 2014).
MSE = 1
n
n∑
i=1
(mi −Mi)2 (5.1)
RMSE =
√√√√ 1
n
n∑
i=1
(mi −Mi)2 (5.2)
Coupling ANN and a genetic algorithm (GA) is an intelligent approach to optimize the
catalyst design of any process. In fact, the ANN model can be a fitness function for checking
the GA. Hadi et al. coupled ANN and GA to design and optimize M-Mn/ZSM-5 systems Hadi
et al. (2016). Niaei et al. designed H-ZSM-5 catalyst for the methanol to gasoline (MTG)
reaction with ANN-GA Mousavi et al. (2013).
Izadkhah et al. optimized Ag/ZSM-5 catalyst to eliminate volatile organic compounds (VOCs)
by coupling the ANN-GA and included catalyst formulation, preparation conditions and loa-
ding of the metal atomic descriptors in their analysis Izadkhah et al. (2012). Omata et al.
studied the methanol synthesis and applied ANN-GA to optimize the catalyst design (Cu-
Zn-Al-Sc-B-Zr) and preparation conditions including calcination temperature and precipitant
concentrations Omata et al. (2004). However, there are no existing studies that model ca-
talyst design and optimize the operating conditions for the gas–phase oxidation of 2MPDO
to MAA. In this study, we present the experimental and modeling results for this reaction.
Ultimately, GA coupled with the proposed ANN model as a fitness function optimize the
input parameters and predict the output value.
5.3 Experimental
5.3.1 Csx(NH4)3-xPMo12O40(VO)yCuz Catalyst preparation
We prepared eight cesium (Cs) salted heteropoly catalysts containing vanadium (V) and
copper (Cu) following a full factorial design (two–levels for each) to evaluate the catalyst
performance (Table 5.2) Daubrege (1998). 20 g of Na2HPMo12O40 dissolved in 25mL of dis-
tilled water (as precursor) was added dropwise to a solution of CsNO3–NH4NO3 (containing
1.87 g of CsNO3 and 0.1M of NH4NO3) until a fine precipitate formed. We then filtered and
dried the thick slurry for 16 h at 120 ◦C and recovered Csx(NH4)3-xPMo12O40 solid. Then
35mL of dionized water dissolved 2.2 g of VOSO4 · 5H2O and 1.05 g of Cu(NO3)2 · 3H2O. A
solid stick pulp formed while the solution was mixed. The rota–evaporator homogenized this
pulp for 3 h. It then dried and calcined at 120 ◦C (12 h) and 350 ◦C (4 h) with a temperature
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Figure 5.1 Neural network catalyst modeling flowchart
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ramp of 2 ◦Cmin−1, respectively, to provide Csx(NH4)3-xPMo12O40(VO)yCuz.
We synthesized eight catalysts following a full factorial design (23) and measured the MAA
selectivity in a fluidized bed. We refer to these catalysts as Csx−Vy−Cuz. For example,
Cs1−V−Cu is Cs1(NH4)2PMo12O40(VO)Cu0.5 and Cs1(NH4)2PMo12O40 is Cs−NH4. Five ca-
talysts were synthesized twice and three catalysts were synthesized three times to check the
reproducibility. The MAA selectivity for the three repeats was within ±5%.
5.3.2 Catalyst characterization
An Autosorb-1 measured the surface area and total pore volume by N2 adsorption/desorption
after degassing the catalysts at 200 ◦C. A TA-Q50IR TGA analyzed the thermal decomposi-
tion of the catalysts and their stability, and also estimated the amount of coke that built up
on the catalyst surface with time. An X’pert diffractometer (XRD) characterized the crys-
talline structure of the materials with Cu−Kα radiation (λ=1.542Å) at 50 kV and 40mA.
A field Emission Scanning Electron Microscope (FE–SEM) (Jeol JSM-7600TFE) imaged the
surface of the fresh and used catalyst samples. An EDX detector probed the existence of coke
and metal elements on the surface.
5.3.3 Reaction conditions and procedure
A three-zone electrical furnace maintained the reactor— a µ-fluidized bed with an inner
diameter of 8mm, 520mm long— temperature at 250 ◦C (Fig. 5.2). All experiments lasted
100min and the total flow rate was 210mLmin−1.
A ceramic disk distributed the O2–Ar gas flow uniformly in the middle of the reactor to the
2 g of catalyst. Mass flow controllers metered the argon and a mixture of oxygen and argon
and a thermocouple monitored the temperature. A syringe pump metered the fluid to the
nozzle and an argon atomized the liquid 2MPDO.
Table 5.2 Parameters and their levels for catalyst design and operating conditions
Parameters Ranges and levels-1 +1
Catalyst design
Cesium (x) 1 3
Vanadium (y) 0 1
Copper (z) 0 0.5
Reaction conditions 2MPDO (%) 10 13Oxygen (%) 10 13
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To minimize slumping the fluidized bed and optimizing the spray, we tested liquid 2MPDO/Ar
ratios, pressure drop, and nozzle spray configurations Liu et al. (2008); Mahboub et al.
(2016a). Atomizing the 2MPDO into a chamber below the nozzle distributed the fluid better
than atomizing the liquid at the nozzle tip with Ar. We calculated the Umf by monitoring
the pressure drop of the bottom and top of the reactor to reach the uniform pressure.
We varied the liquid flow rate and fixed the Aratomization flow rate (20mlmin−1) to identify
the optimum ratio for a 0.3mm nozzle. At liquid flow rates greater than 0.05mLmin−1 the
injector blocked. The optimal rate was 0.03mLmin−1 at 250 ◦C Mahboub et al. (2016a). The
upper furnace zone maintained the reactor tube at 300 ◦C to minimize product condensation.
Argon purged the reactor while a furnace increased the temperature to the set point. Heat
tape kept the exit line at 200 ◦C to prevent the product from polymerizing. Finally, the blank
tests (empty bed) confirmed that the reactor was inert.
A quench condensed volatile compounds in distilled water. An HPLC measured the quantity
and quality of all condensed products off–line and GC–MS measured the gas products. A mass
spectrometer (MS) (Pfeiffer Vacuum Thermostar) monitored the gas phase composition on–
line at a frequency of 1Hz while a conductivity meter monitored the change in conductivity
of the liquid phase on-line.
The factorial design for the feed composition considers two levels each for oxygen mole fraction
(10% and 13%) and reactant mole fraction (10% and 13%). These narrow concentrations
were based on earlier screening tests that identified these range of conditions as optimal
(Table 5.2). Because the relative importance of these two factors were unknown we adopted
a 22 factorial design rather than a mixture design. We varied the Ar flow rate in order to
achieve the desired feed concentrations.
5.3.4 Computational method
The Genetic Algorithm method proposes approximate solutions for optimization problems.
This technique is a global search method and a special class of evolutionary algorithms. Ba-
sed on biological sciences, evolutionary processes can be translated to design strategies and
effective search. The GA applies these strategies and determines an optimal solution for any
multi–dimensional problems. The GA as a search algorithm mimics the behavior of natural
selection. Population generation of possible solutions by the GA leads to the best solution of
problems which is the maximum of a function. Through mutation and crossover processes,
better solutions are found from the current possible solutions. The process is repeated to find
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Figure 5.2 Schematic of the experimental set–up Mahboub et al. (2016a)
an acceptable solution. Here, in order to find the optimal catalyst design, we coupled the
ANN model with the GA. The GA provided virtual catalysts, and the ANN model acted like
a virtual catalyst test setup, which evaluated the fitness of the GA (in terms of selectivity to
MAA). 2MPDO and oxygen concentrations as well as the three metal ions (Cs, V and Cu)
comprise the six genes of each chromosome in the GA structure. The optimal GA procedure
is :
1. Generate a random initial population of chromosomes.
2. Calculate MAA selectivity for all chromosomes by the ANN model.
3. Select the best pairs.
4. Perform the crossover.
5. Perform the mutation.
6. Evaluate the termination criteria (convergence of population, termination of the number
of generation, lack of changes in fitness value). If these are acceptable, then the program
ends, otherwise it goes back to stage 2.
7. The optimization was carried out by GA codes available in the optimization tool box
in MATLABr.
The optimal parameters of the GA are shown in Table 5.3. Other parameters were held at
their default values or types Hadi et al. (2016).
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Table 5.3 Optimal GA parameters applied in optimization procedure Hadi et al. (2016)
Parameter Value or type
Population type Double vector
Crossover fraction 0.8
Fitness scaling Rank
Mutation Gaussian
Selection Stochastic uniform
Crossover function Scattered
5.4 Results and discussions
5.4.1 Catalyst composition and reaction conditions evaluation
We tested four feed compositions over eight catalysts at 250 ◦C to measure the product
selectivity after 100min. We maintained the oxygen at a mole fraction of 0.1 and 0.13 to
simulate a recycle process (with partial oxygen conversion). HPLC detected MAA, MAC,
2–methylpropanal and unreacted hydrocarbon as the main products in the liquid phase. The
MS detected CO2, CO, CH4 and unreacted O2 in the gas phase. A stream of oxygen diluted
in argon (21%) regenerated the used catalyst at 320 ◦C to remove coke and the MS recorded
the CO2, CO and O2 signals to qualify the carbon and hydrogen and close the mass balance.
The maximum selectivity to MAA and MAC was 41% and 33%, respectively over Cs1−V−Cu
at 2MPDO/O2/Ar= 13%/10%/77% (Fig. 5.3). Lower oxygen concentrations reduced the
oxidation rate of acid products to COx, but overall conversion was lower.
Among the eight catalyst compositions, those containing both cesium and ammonium, and
vanadium and copper (Cs1−V−Cu) performed the best : and the least 2MPDO conversion
(63%) (Fig. 5.4). The CPM catalyst was almost unselective to MAA, and its selectivity to
MAC was 6%.
Partial cesium insertion into the Keggin-structure had a positive effect on thermal stability
and catalyst activity. The complete substitution of Cs with ammonium had a negetive effect
on performance, due to the complete elimination of the active phase ((NH4)3PMo12O40).
Vanadium as an oxidant and copper as a promoter increased selectivity to desired products
(Fig. 5.4).
Vanadium and copper have a synergistic effect on conversion in catalysts with cesium and
ammonium. Neither have an effect on catalysts without ammonium. Ammonium attenuates
the catalyst activity : CPM catalyst (no ammonium) produces CO2 and methane.
In the first 20min MAA selectivity was below 13% which was confirmed by the conductivity
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Figure 5.3 Feed compositions evaluation over prepared catalysts at 250 ◦C
Figure 5.4 Effect of catalyst composition on MAA selectivity with 2MPDO/O2/Ar=
13%/10%/ 77% at 250 ◦C
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of the quench. It increased sharply to 41% thereafter (Fig. 5.5). Coke forms on non-selective
sites in the glycerol dehydration to acrolein thereby increasing selectivity (and yield) with
time (Dalil et al., 2015). Conversely, MAC selectivity is higher at the beginning and then
decreases with time, which confirms that MAC is an intermediate to produce MAA. The
selectivity to CO2 decreases slightly and reaches 15% at 100min. CO and CH4 selectivities
are invariant at 6% and 4%, respectively (Fig. 5.5).
These trends, confirmed by monitoring the conductivity of products online, showed low values
in the first 20min, and then a sharp increasing trend (Fig. 5.6). In general, the carbon balance
was from 92% to 105%. Methane and 2–methylpropanal were the main by-products in gas
and liquid phases, respectively.
5.4.2 Modeling
We manipulated the catalyst composition and reaction conditions to enhance MAA selec-
tivity. Metal ions such as Cs, V and Cu influenced selectivity to MAA, in addition to the
reaction feed composition, which were 2MPDO and oxygen concentrations. Here we optimi-
zed and simulated the catalyst components (Cs, V and Cu) to maximize the MAA selectivity
by employing an ANN and GA hybrid system. The predictive ability of ANN varies with
its topology, training algorithms and transfer functions. However, there is no proper method
to categorize the optimal combination of these factors ; therefore, we optimized the factors
by trial and error. Table 5.4 illustrates the input and output parameters with min and max
values.
We tested various ANN topologies and algorithms to optimize both catalyst content and feed
concentration for this reaction. The number of catalyst design and operational conditions
determine the number of input neurons. Rostamizadeh et al. claim that ANN efficiency
decreases with the increase of neurons in the hidden layer (more than 20) and also the
number of hidden layers Rostamizadeh et al. (2014). However, Hadi et al. illustrated that
Table 5.4 Input and output parameters and their levels
Parameter Symbol Min Max
Input
Cs X 1 3
V (mole) Y 0 1
Cu (mole) Z 0 0.5
2MPDO (vol. %) P 10 13
Oxygen (vol. %) O2 10 13
Output MAA selectivity (%) S 0.8 41
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Figure 5.5 Gas and liquid selectivities versus time (2MPDO/ O2/Ar= 13%/10%/77% at
250 ◦C over Cs1−V−Cu)
Figure 5.6 Electro conductivity profile with 2MPDO/O2/Ar=13%/10%/77% over
Cs1−V−Cu at 250 ◦C
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an ANN topology with a low number of neurons in its hidden layer failed to verify the link
between input and output factors Hadi et al. (2016). We conducted several topologies and
began with four neurons in the hidden layer, and then added neurons to enlarge the network
until reaching the best results without over fitting. An ANN structure with one hidden layer
including ten neurons was suitable (Fig. 5.7). Network training applied to 70% of the data sets
and testing utilized 30% of them. Among the tested structures, one hidden layer including
ten neurons provided the highest accuracy for train and test data (Fig. 5.8).
Proper algorithm coupling with optimal topology provides the ANN with high accuracy
to predict the experimental data. We investigated the effect of various algorithms such as
gradient descent with adaptive (GDA), resilient back propagation (RP), gradient descent
with momentum (GDM), Levenberg-Marquart (LM) and gradient descent (GD). Among
these algorithms, the LM algorithm was the most accurate for both training and test data
(R2=0.97). BPNN with one hidden layer (6-10-1) consisting of log-sigmoid (LS) and pure
linear (PL) transfer functions and the LM algorithm is an optimum ANN structure to predict
the selectivity of MAA (Fig. 5.9). The ANN prediction results (as output) plotted versus
the experimental data show are well correlated (R2 = 0.97) (Fig. 5.10).
Sensitivity analysis
The cosine amplitude method (CAM) examined the impact of input independent variables
(catalyst composition and operating conditions) on the output dependent variable (MAA
selectivity). The CAM method expressed all of the data pairs to construct a data array X
in common X–space : Each of the elements, Xi, in the data array X is a vector of lengths of
m, that is :
X = X1, X2, X3, ..., Xm (5.3)
Each of the data pairs specifies a point in m-dimensional space in m-coordinates to describe
the points completely.
Xi = X1i, X2i, X3i, ..., Xmi (5.4)
A pairwise comparison of two data samples of X-space (xi and xj) provided each element of
a relation– rij– where the strength of the relation between the data pairs is measured by the
membership value expressing that strength [rij = µR(xi, yj)]. The CAM calculates rij from
the following equation :
rij =
∑m
k=1 xik × xjk√∑m
k=1 x
2
ik ×
∑m
k=1 x
2
jk
(5.5)
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Figure 5.7 Optimum ANN structure
Figure 5.8 Results of different ANN structure
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Figure 5.9 Comparison of different train algorithm
Figure 5.10 Correlation of the experimental and predicted data
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Selectivity to MAA depends on all of the independent variables (Fig. 5.11). In catalyst design,
vanadium had a higher effect compared to other elements, followed by copper and cesium.
Argon depended on the concentration of hydrocarbon and oxygen ; therefore, oxygen affected
the MAA selectivity more than 2MPDO.
Figure 5.11 Significance of input parameters
Effects of pair parameters on selectivity using ANN
The optimum neural network predicts the MAA selectivity from different inputs in the do-
main of the training data set. The concentration of argon depends on oxygen and 2MPDO
concentrations. The selectivity and yield to MAA reach maximum (41% and 63%, respec-
tively) with the lowest partial pressure of oxygen and the highest 2MPDO concentration
(Fig. 5.12). The oxidation rate of MAA and MAC decreases with decreasing oxygen. In this
case, with higher hydrocarbon concentration (13% 2MPDO/10% oxygen), the reaction is
under reducing condition and oxygen acts as a limiting reagent. Therefore, we suspect that
under reducing condition we have two types of active sites on the catalyst surface that pro-
duce MAA and MAC. Less coke forms and a some of the active phase oxidizes the reactant
to COx. Conversely, under oxidizing conditions, we propose additional active sites produce
COx. 2MPDO – as the feedstock – reacted with oxygen as well which produce also COx.
MAA selectivity was 31%, with 10% 2MPDO and 10% oxygen. Selectivity was insensitive
to 2MPDO concentration but it decreases almost proportionately with increasing oxygen,
which was substantiated by the ANN modelling (Fig. 5.12). ANN modeling confirmed that
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Figure 5.12 The effects of 2MPDO and O2 on MAA selectivity
all metal ions had a positive effect on selectivity, particularly with both NH +4 and Cs in the
Keggin structure (Figs. 5.13). However, the effect of each ion was different depending on what
other ions were present. The change of colours in the contour plots represent the change of
MAA selectivity : the dark blue represents the lowest selectivity and the red represents the
highest selectivity. The model illustrated that selectivity was higher with catalysts where Cs
partially substituted NH +4 compared to a complete substitution of ammonium with cesium
(Fig. 5.13a and b). The effect of vanadium and copper was more obvious with lower cesium
concentrations. For example, with complete substitution of cesium with ammonium (Cs=3),
MAA selectivity was independent of vanadium ; however, with lower cesium concentrations
(Cs=1), the vanadium concentration had an effect on selectivity (Figs. 5.13a). The ANN sho-
wed that completely substituting ammonium with cesium decreased selectivity which agrees
with the experimental measurements. This observation confirms that cesium is in the catalyst
structure (Cs3PMo12O40) and plays a role as a support that disperses the (NH4)3PMo12O40
active phase. Also inserting vanadium in the catalyst structure enhanced MAA selectivity but
only in the presence of both cesium and ammonium (Fig. 5.13a). Vanadium was an oxidant
in the catalyst and reduced Mo6+ to Mo5+.
Copper had a marginal effect as a promoter over a range of Cs/NH +4 ratios (Fig. 5.13b and
c). MAA selectivity is essentially constant regardless of the Cu substitution at a Cs/NH +4
ratio equal to 1. At higher ratios, selectivity increases slightly with higher Cu substitutions.
At a Cs/NH +4 =2, MAA selectivity doubled when the vanadium substitution increased from
0 to 0.5 (Fig. 5.13a) while it only increased from 12% to 13% for copper (Fig. 5.13b). Finally,
the predicts that are correlated positively : increasing the substitution rate of each increases
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the selectivity (Fig. 5.13c).
5.4.3 Optimization
The ANN-GA determined that the optimal catalyst composition contains an equal moles
concentration cesium, vanadium and 0.15 mole fraction of copper with respect to Cs and V :
Cs(NH4)PMo12O40(VO)Cu0.15. Furthermore, the optimal feed concentration is 13%/10%/77%
for 2MPDO/O2/Ar (Table 5.5). The ANN–GA accurately predicts the experimental selecti-
vity (42% vs 43% for the model) which confirms the developed model is valid. It predicts
that the selectivity of optimum catalyst component with 1 :1 :0.15 (Cs :V :Cu) would be
43% with the same conversion (63%) than the 1 :1 :0.5 catalyst was tested.
5.4.4 Catalyst characterization
Nitrogen adsorption/desorption analysis
The analysis of the first eight catalysts showed that the Cs+ increased the specific surface
area of HPA catalysts compared to the parent acid ; conversely, copper decreased the surface
area Mahboub et al. (2016a). The surface area ranged form 19m2 g−1 to 44m2 g−1 Mahboub
et al. (2016a). The optimized sample (before and after reaction) represents a hysteresis loop
at a relative pressure of 0.6–1, confirming type V isotherms and illustrates that this catalyst
is a micro–mesoporous material (Fig. 5.14). The surface area and pore volume of the opti-
mized catalyst is 31m2 g−1 and <0.21mLg−1, respectively, and after reaction it dropped to
24m2 g−1 and <0.19mLg−1.
XRD specification
The curves and crystalline peaks are the same for the optimized catalyst before and af-
ter reaction (Fig. 5.15). Each curve represents a peak in Fig. 5.15. The catalyst before
and after reaction has a cubic lattice of ammonium oxonium molybdenum oxide phosphate
((NH4)2.6(H3O)0.4(PO4Mo12O36)) with a=b=c=11.7 Å. The thickness of each curve is the
same in different positions, which suggests that the catalyst is homogeneous and all the me-
Table 5.5 Optimum catalyst and feed conditions and selectivity to MAA
Catalyst component (mol) Feed concentration (%) Selectivity to MAA (%)
Cesium (x) Vanadium (y) Copper (z) 2MPDO O2 Ar Experimental Predicted
1 1 0.15 13 10 77 42 43
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Figure 5.13 Effects of pair parameters on MAA selectivity
Figure 5.14 Specific surface are of fresh and used catalysts
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tal ions dispersed uniformly. The main diffraction peaks are at 2θ= 10.6◦, 18.5◦, 24.1◦, 26.1◦,
30.6◦, 36.0◦, 39.3◦, 43.9◦, 47.9◦, 55.5◦ and 62.1◦, which correlate to (110), (211), (310), (222),
(400), (332), (510), (440), (532), (550) and (732), respectively.
Morphological analysis
The surface of the optimized catalyst before and after reaction was rough, with particle grains
varying from 20 nm to 500 nm (Fig. 5.16). The surface did not sinter ; however, higher zoom
(X 50000) shows spherical particles cover the surface. The EDX spectrum of the catalyst
(Fig. 5.16a and b) confirms the presence of Cs, Mo, P, V, and Cu, while the used catalyst
also shows the presence of carbon.
Elemental analysis of the catalyst before and after reaction also confirms carbon deposition on
the surface, with an increase in mass fraction from 3.2% to 19.5%. A small fraction of NH +4
remains after calcination in the catalyst (a mass fraction of 0.001) but none remains after
reaction. Map analysis using an EDX detector illustrated that all ions dispersed uniformly
over the catalyst surface.
5.5 Conclusions
AKeggin structure with cesium, vanadium and copper demonstrated the best performance for
maximum selectivity to MAA (41%) with 63% conversion. MAA selectivity increased with a
decrease in oxygen concentration due a drop in conversion. Methane and 2–methylpropanal
(produced by thermal decomposition of the reactant and hydrogen transfer of MAC, res-
pectively) are the main by-products. We propose a powerful ANN model to predict MAA
selectivity in a fluidized bed reactor based on oxygen and 2MPDO concentration and cata-
lyst composition. BPNN with one hidden layer (6-10-1) consisting of log-sigmoid (LS) and
pure linear (PL) transfer functions and the LM algorithm is an optimum ANN structure
for predicting MAA selectivity. Sensitivity analysis illustrates that the vanadium content in
the catalyst structure and oxygen concentration are the most significant inputs. A genetic
algorithm optimized the parameters, and the predicted selectivity to MAA was 43% over the
optimal catalyst (Cs(NH4)2PMo12O40(VO)Cu0.5) with 2MPDO/O2/Ar= 13%/10%/77%. At
the end, we tested the optimum catalyst and the selectivity to MAA was 42% which confir-
med the model predictions.
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Figure 5.15 XRD diffractograms of fresh and used catalysts
117
Figure 5.16 FE-SEM and EDX characterization for a) fresh and b) used optimized catalysts
and their elemental analysis. The table caption in the figures report the elemental mass
fraction in %
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CHAPTER 6 ARTICLE 4 - Cs, V, Cu KEGGIN–TYPE CATALYSTS
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6.1 Abstract
Heteropoly acids are among the best catalysts to produce carboxylic acids from light hy-
drocarbons. The Keggin structure maintains metals at a high oxidation particularly in the
presence of cesium, vanadium, and copper. They effectively catalyze the partial oxidation of
2–methyl–1,3–propanediol (2MPDO)—a co-product in the hydroformylation of allyl alchol
to 1–4 butanediol. Converting 2MPDO to methacrylica acid would improve the economics
of this route to 1–4 butanediol. Here, we establish the relationship between heteropoly acid
performance and calcination temperature at 300 ◦C and 350 ◦C. The molybdenum oxidation
state was higher after the high temperature treatment but it reduced to a greater extent du-
ring reaction (from Mo6+ to Mo5+). The higher extent of reduction confirms the higher O2–
→ Mo6+ charge–transfer in the Keggin anion. Maximum MAA and MAC selectivities were
61% and 28%, respectively at 250 ◦C after 480min over cycling oxidation–reduction and
2MPDO/O2/Ar= 13/10/77 as the best reaction condition and feed composition. Though,
the route of direct dehydration of 2MPDO (C−OH bond cleavage) followed by oxidation to
MAC is the most direct path to the products detected, we propose a mechanism that passes
through the homolitic dissociation of the tertiary C−H bond, in reason of the very similar
bonding energies.
6.2 Introduction
Polymethyl methacrylate (PMMA) is a specialty polymer for computer screens, electronics,
automotives and household fixtures which methyl methacrylate (MMA) is the main monomer
of PMMA. Acetone-cyanohydrin (ACH) is a common process to produce MMA Nagai (2001);
Deng et al. (2005). However, current ACH process is coupled with acrylonitrile plants that
supply HCN. On purpose HCN production to account for an expanding market above that
expected for acrylonitrile requires dedicated facilities for this toxic compound Cavani (2010);
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Mizuno et al. (1996b); Knapp et al. (2001). Oxidizing light olefins to methacrylic acid (MAA)–
as an alternative feedstock for MMA– reduces the deficiencies of the current process Montag
et Mckenna (1991); Drent et Budzelaar (1996); Zhou et al. (2015). MAA yield per pass from
ethylene and propylene are low and the process involves multiple steps that include CO and
HCHO as reactants Nagai (2001); Mizuno et Yahiro (1998); Montag et Mckenna (1991); Drent
et Budzelaar (1996); Visuvamithiran et al. (2013). Similarly, yields from oxidizing isobutene
to MAA are low which negatively impact the economics Nagai (2001); Mizuno et Yahiro
(1998); Montag et Mckenna (1991); Visuvamithiran et al. (2013). The single–step oxidation
of isobutane to MAA is an interesting alternative because the feedstock cost is low and it
replaces multiple reactions steps with a single step Sultan et al. (2004); Cavani et al. (2001f);
Misono (2001); Kanno et al. (2010); Zhang et al. (2013); Paul et al. (2010). However, single
pass conversion is less than 10%, yields are low and reaction times are long (Fig. 6.1) Jing
et al. (2014a); Cavani et al. (2001f). For gas phase partial oxidation of isobutane to MAA,
Keggin–type polyoxometalates (POMs) as heterogeneous catalysts containing phosphorus
and molybdenum are the most active and selective catalysts Min et Mizuno (2001b); Ishikawa
et Ueda (2016); Sushkevich et al. (2016); Karcz et al. (2017). Substituting H+ with Cs+ in
H3PMo12O40 forms an active phase (H3PMo12O40/Cs3PMo12O40) that thermally stabilizes
the catalyst structure and improves the MAA yield Okuhara et al. (2000); Sultan et al.
(2004); Mahboub et al. (2016a). Cesium forms an alkaline salt that acts as a support and
disperses the active phase Mizuno et Yahiro (1998); Misono (2001); Mizuno et Mison (1998);
Paul et al. (2010); Okuhara (2002). Ammonium ions increase the surface area, which the
reduction of the HPA by ammonia issued from the decomposition of the ammonium cations
increases MAA selectivity Jing et al. (2014b); Cavani et al. (2001f); Sultan et al. (2004); Jing
et al. (2013). Replacing one molybdenum atom by a vanadium in the catalyst structure forms
Figure 6.1 All routes to produce MMA/MAA
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(H4PMo11VO40) and increases the reduction and reoxidation rates, which improves activity
selectivities to MAA and MAC Mizuno et Mison (1998); Bruckner et al. (2007); Huynh et al.
(2009a); Jing et al. (2013, 2014b); Ren et al. (2016). Some studies showed that vanadium in
the form of VOx accelerates dehydrogenation of isobutane to isobutene which then it converts
to MAA and MAC Wang et al. (2016); Zhang et al. (2016). Huynh et al. inserted vanadium to
reduce acetic acid selectivity and carbon oxides from MAA and MAC decomposition Huynh
et al. (2009a,b). Copper catalyzes the reduction of molybdenum, which improves the activity
and surface acidity of the catalyst Mizuno et al. (1998); Mahboub et al. (2016a).
Mixed metal oxides with Cs, Mo, P, V, Sb and Cu partially oxidize 2–methyl–1,3– propane-
diol (2MPDO) to MAA (selectivity= 24%) Dubois (2014). In a micro-fluidized bed reactor,
the heteropolycompound Csx(NH4)3-xPMo12O40(VO)Cuy (Cu0.5(VO)Ox/Cs(NH4)2PMo12O40
where vanadium and copper atoms were placed in secondary structure of Keggin–type in
contact with oxygen) improves selectivity to MAA versus mixed metal oxides, vanadium
pyrophosphate (VPP), tungsten oxide, and pure Keggin-type structure (H3PMo12O40) and
reaches 41% at 250 ◦C after 100min Mahboub et al. (2016a,b).
Catalyst activity depends on composition, morphology (metal ions and type of support), and
reaction conditions (temperature, pressure, flow regime). Catalyst preparation conditions—
precipitation versus impregnation, calcination temperature and ramp, time, gaseous environment—
affect activity and morphology. Vanadium pyrophosphate catalysts are particularly sensitive
to over-oxidation in its topotactic transformation from the hemi-hydrate to the pyrophos-
phate Patience et al. (2007), for example.
Here we compare the activity and selectivity of Cs(NH4)2PMo12O40(VO)Cu0.5 (Cs−V−Cu)
precursor and the catalyst calcined at 300 ◦C and 350 ◦C. We tested catalysts performance
with oxygen and hydrogen and cycling between the two atmospheres.
6.3 Experimental
6.3.1 Catalyst preparation
MAA yields were highest for a Keggin type heteropoly compound containing vanadium and
copper where cesium substituted ammonium with the formula of Cs(NH4)2PMo12O40(VO)Cu0.5
Mahboub et al. (2016a,b). Above 400 ◦C, the Keggin–structure is destroyed, so for the first
series of tests, we prepared three catalysts : uncalcined, and samples calcined at 300 ◦C and
350 ◦C. Adding vanadium or replacing it with molybdenum improves the catalyst redox as
vanadium atoms are easily removed from the primary structure and participate in reducing
the catalyst. Consequently, both catalyst activity and selectivity improve. Copper acts as a
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promoter and facilitates molybdenum reduction in the catalyst, which improves activity and
increases surface acidity Mahboub et al. (2016a).
Na2HPMo12O40 was the precursor for all catalysts. Ammonium nitrate (0.1M) dissolved 1.87 g
CsNO3 while a magnet stirred the solution vigorously in a 100mL beaker at 40 ◦C. A pump
fed Na2HPMo12O40 (0.2M) to the beaker at 2mLmin−1 until a fine precipitate formed. After
separating the precipitate from supernatant, the solids dried 16 h at 120 ◦C to form 27 g of
Cs(NH4)2PMo12O40. A solution containing 2.2 g VOSO4 · 5H2O and 1.05 g Cu(NO3)2 · 3H2O
(dissolved in 35mL dionized water) were added to Cs(NH4)2PMo12O40 and formed thick
slurry that a rota–evaporator homogenized for 3 h. The slurry dried for 16 h at 120 ◦C in a
ventilated oven, and calcined for 4 h at 300 ◦C and 350 ◦C in air. The temperature ramp on the
over was 2 ◦Cmin−1. The three catalysts we designate as Cs−V−Cu · non, Cs−V−Cu · 300
and Cs−V−Cu · 350.
6.3.2 Catalyst characterization
Standard techniques such as nitrogen porositmetry (Quantachrome, Autosorb–1), X-Ray dif-
fraction (Philipps X’pert diffractometer), thermogravimetric analysis (TA–Q50IR TGA), and
Field Emission Scanning Electron Microscope (Jeol JSM-7600TFE) with an EDX detector
were used to measure bulk and surface catalyst properties Mahboub et al. (2016a). Perki-
nElmer Spectrum 65 FT-IR Spectrometer (KBr) recorded the IR spectra from 1800 cm−1
to 500 cm−1 with a resolution of 4 cm−1. The reference peak was the central P−O bond of
the Keggin unit since it did not react. Renishaw inVia Raman Microscope equipped with a
RenCam CCD detector measured the Raman spectra of fresh and used samples. The 514 nm
Ar laser focused on the sample with a 50× objective lens using a Leica microscope. We
sampled each catalyst at three point to verify the homogeneity. A Cary 6000i UV-Vis-NIR
from 200 nm to 800 nm with a 60mm integrating sphere recorded UV–Vis diffuse reflectance
spectra of the samples at room temperature. A Bruker Avance 600 Spectrometer equipped
with a 4mm probe analyzed the 1H (600MHz) and 31P (242.9MHz) MAS–NMR spectra at
a spin rate of 14 kHz. Anti–ring and single-pulse excitation sequences were used for 1H and
31P spectra, respectively. Ammonium dihydrogen phosphate was the chemical shift reference
for the 31P spectrum. X–ray photoelectron spectroscopy (XPS) (VG ESCALAB 3 MKII)
analyses the elemental surface of catalyst with the Al Kα as a source. It penetrates less than
10 nm. The detection limit of elements over the surface is around 0.1%.
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6.3.3 Reaction conditions and procedure
All experiments were conducted in a 8mm by 520mm quartz tube containing 2 g of cata-
lyst operating in the bubbling fluidized bed flow regime. A mixture of argon–oxygen (21%)
fluidized the catalyst particles (with a diameter from 90µm to 150 µm). A 20µm ceramic
disk 250mm from the bottom of the tube distributed the gas uniformly to the catalyst. A
three-zone furnace maintained the reactor under isothermal conditions and a thermocouple
monitored the bed temperature. Mass flow controllers (from 20−200mLmin−1) adjusted
the argon, hydrogen and oxygen flow rates. An HPLC pump injected the liquid reactant
(2MPDO) to the bottom of nozzle which argon cofed to the tube and mixed together before
nozzle tip and argon atomized the liquid. Argon purged the reactor while the furnace ramped
the temperature to 250 ◦C.
Heat tape maintained the temperature of the exit line above 100 ◦C. A gas chromatograph-
mass spectrometer (Agilent 7890A) (GC–MS) analysed a slip stream of this lie while the
rest entered a water quench to trap the condensible vapours. A conductivity meter in the
quench monitored the acid production and the GC–MS and a High Performance Liquid
Chromatograph (Varian Prostar) (HPLC) quantified condensible liquid phase. Aliquots from
the quench were withdrawn at 20min intervals. A pump circulated the quench solution from
the bottom to the exit line to increase the gas-liquid contacting time to maximize product
dissolution. A Pfeiffer Vacuum Thermostar on–line mass spectrometer (MS) monitored the
gas phase composition at a frequency of 1Hz.
The conversion of 2MPDO (X2MPDO) as well as product selectivities (Sp) were calculated as
follows Edake et al. (2017b) ;
X2MPDO =
nin2MPDO − nout2MPDO
nin2MPDO
× 100 (6.1)
Sp =
np
nin2MPDO − nout2MPDO
× zp
z2MPDO
× 100 (6.2)
Where nin2MPDO and nout2MPDO are the molar flow rates of 2MPDO at reactor entrance and exit.
In Eq. (2), np is the molar stream of each product. zp and z2MPDO represent the number of
carbon atoms in the products and 2MPDO Mahboub et al. (2016a).
In the first experimental series (12 experiments), we partially oxidized the 2MPDO over
all catalysts with four different feed compositions (Table 6.1). In this case, we purged the
catalyst bed with oxygen–argon for 2 h at 250 ◦C and then the reactant and oxygen react
over the catalyst surface for 100min. The catalyst calcined at 350 ◦C produced more MAA
than the other two so we tested its stability for 480min over the optimum feed composition.
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In the next series of tests (three experiments), a 25mL stream of hydrogen (STP) reduced the
catalysts for 12 h at 250 ◦C before the oxidation tests with 2MPDO. Again, for this test, the
catalyst calcined at 350 ◦C produced more MAA so we tested this catalyst in forced concen-
tration cycling conditions with 20min O2/Ar followed by 2min H2/Ar. For all experiments,
the carbon balance was in the rang of 91–107% and the oxygen balance ranged from 72 to
110%.
6.4 Results and discussion
6.4.1 Catalyst characterization
The specific surface area of the catalyst calcined at 350 ◦C is double that of the uncalci-
ned precursor but it loses 33% after reaction (Table 6.2). The hysteresis in the nitrogen
adsorption–desorption curves suggest that these catalysts are micro-mesoporous materials
Mahboub et al. (2016a). The pore radius also decreases after reaction but the initial pore
radius is independent of whether the catalyst was calcined or not. The pore volume was
slightly higher for the calcined catalysts but it also dropped after reaction.
XRD
Large, sharp peaks of the X-ray diffractograms at 2θ= 10.6◦, 26.4◦ and 30.6◦ confirm the
Keggin–type crystalline structure (body–centered cubic with Å=11.4) of ammonium oxonium
molybdenum oxide phosphate (as the main crystal). The minor peak at 2θ= 18.5◦ is attribu-
table to Mo4O11 and the peaks at 2θ= 26.1◦ and 2θ= 39.3◦ correspond to (V0.07Mo0.93)5O14
Guan et al. (2008d). The main diffraction peaks are the same for the calcined and uncalcined
Table 6.1 Reaction experimental design for each series
Reaction type Catalyst type Feed Comp. (%) Purging with O2 Purging with H2 Switching O2-H2 Rxt. time(min)2MPDO/O2/Ar (120min) (120min) (Each 20min)
Oxidation
Cs−V−Cu · non
Cs−V−Cu · 300
Cs−V−Cu · 350
10/10/80
13/10/77
10/13/77
13/13/74
X 100
Long term
oxidation
reaction
Cs−V−Cu · 350 13/10/77 X 480
Reduction
Cs−V−Cu · non
Cs−V−Cu · 300
Cs−V−Cu · 350
13/10/77 X 100
Long term
oxidation-
reduction
Cs−V−Cu · 350 13/10/77 X 480
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Figure 6.2 Experimental set–up with an 8mm diameter quartz tube housed in a 3 zone
electrical furnace. The injection line diameter was 1.6mm (OD). During the regeneration
step, the eﬄuent bypassed the quench and absorbent. The MS detected no water during the
regeneration step.
Table 6.2 Textural characteristics of catalysts
Catalyst SBJH(m2g−1) Pore volume (cm2g−1) Pore radius (Å)
Cs-V-Cu.non 11 0.149 15.1
Cs-V-Cu.300 19 0.151 15.3
Cs-V-Cu.350 24 0.156 15.3
Used Cs-V-Cu.350∗ 17 0.13 13.8
∗= After 480 min reaction at 250 ◦C
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catalysts for which 2θ= 10.6◦, 18.5◦, 24.1◦, 26.1◦, 30.6◦, 39.3◦, 43.9◦, 47.9◦, 55.5◦ and 62.1◦
correspond to (110), (211), (310), (222), (400), (332), (440), (532), (550) and (732), respec-
tively (Fig. 6.3) Mahboub et al. (2016b); Nair et al. (2010). The XRD spectra for all three
catalysts before and after reaction are indistinguishable. The calcination temperature either
doesn’t affect catalyst crystallization or XRD cannot detect the differences.
XRD only shows the body centered cubic phase as it is impossible to distinguish the dispersed
(active—(NH4)3PMo12O40 and Cu0.5(VO)Ox) from the support ((Cs)3PMo12O40) Kendel et
Brown (2011). Substituting cesium with ammonium shifted the peaks to lower angles and
because Cs has a larger ionic radius compared to NH +4 , the inter-planar spacing (d–spacing)
is expanded Jing et al. (2014b). The narrow peaks also confirm that the catalysts structure
are well crystallized Mahboub et al. (2016b).
The used catalysts maintained their Keggin structure ; however, some MoO3 crystals (shown
with ? in Fig. 6.3) over used catalysts are evident, which is due to thermal decomposition of
catalyst after 480min.
FT–IR
The intense peaks of the FT–IR spectra at 1063 cm−1, 966 cm−1, 866 cm−1, and the very
broad band centered around 795 cm−1 represent ν(P-O), ν(Mo=Ot), corner–sharing ν(Mo–
Ob–Mo), and edge–sharing ν(Mo–Ot–Mo), respectively, which confirm the Keggin structure of
all Cs−V−Cu catalysts before and after reaction (Fig. 6.4, Table 6.3) Mizuno et al. (1996b);
Busca et al. (1996). The characteristic weak peak around 1411 cm−1 assigned to the ammonia
cation with the exception of the uncalcined sample where the band was shifted to 1404 cm−1.
This deviation and the corresponding weak shoulder around 1383 cm−1 are caused by free
ammonia groups that are later desorbed by calcination Jing et al. (2014a). Very weak charac-
teristic bands around 595 cm−1 for all samples corresponded to MoO3 species, suggesting that
some structural decomposition occurred before reaction Ballarini et al. (2007a). However, this
trace decomposition was undetectable by XRD for the fresh samples.
The increase of peak intensity at 593 cm−1 after the reaction, for the Cs−V−Cu.300, corres-
ponds to more MoO3, whereas, a related decrease of band intensities corresponding to the
ν(Mo=O) and edge–sharing ν(Mo–Ot–Mo) of the Keggin unit indicates the catalyst decom-
poses during reaction. However, this result appears due to trace fluctuations in the ν(P-O)
bond caused by the decreased thermal stability of Cs−V−Cu.300 compared to Cs−V−Cu.350
(confirmed by TGA). (The spectra of used Cs-V-Cu.300 are omitted from Fig. 6.4).
The spectra of the Cs−V−Cu.350 before and after reaction demonstrate the opposite rela-
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Figure 6.3 XRD characterization of fresh catalysts and used Cs−V−Cu.350 after 480min at
250 ◦C with 2MPDO/O2/Ar= 13%/10%/77%
tionship. The peaks corresponding to the ν(Mo=Ot) and edge–sharing ν(Mo–Ot–Mo) of the
Keggin unit increase in intensity. There is also a notable decrease in the intensity of the peak
indicative of corner-sharing ν(Mo–Ob–Mo) at 866 cm−1. This result is caused by catalyst de-
composition and simultaneous formation of MoO3 crystals during reaction, as they share the
ν(Mo=Ot) and edge–sharing ν(Mo–Ot–Mo) bands of the Keggin structure. In unexpected
contrast, the intensity of the ammonium band increased a little, which suggests the active
phase forms during reaction Cavani et al. (2001d).
A weak band around 1035 cm−1 is typical of V−O stretching vibrations in the spent catalyst
sample. The band develops due to the reduction of V5+ during the reaction and the formation
of VO2+ thereafter Jing et al. (2014b). Furthermore, a weak band develops around 628 cm−1
which we assign to binary Cu−O bonds formed during reaction. This band is not well–
documented, but lies near the theoretical vibrational frequency of the binary Cu−O bond
calculated at 640 cm−1 via the Hooke,s Law model of bond vibration with a force constant
3.08 mdyn Å−1 for binary Cu−O.
Table 6.3 FT–IR vibration wave numbers
Catalyst Wave number (cm
−1)
N−H P−O Mo−Ot Mo−Ob−Mo Mo−Ot−Mo
Cs−V−Cu.non 1404 1063 966 866 798
Cs−V−Cu.300 1413 1063 967 866 799
Cs−V−Cu.350 1416 1063 967 867 798
used Cs−V−Cu.300 1415 1063 966 867 795
used Cs−V−Cu.350 1413 1063 966 867 793
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Figure 6.4 FT–IR characterization of fresh catalysts and used Cs−V−Cu.350 after 480min
at 250 ◦C with 2MPDO/O2/Ar= 13%/10%/77%
Raman spectroscopy
Raman spectra characterization (the same as FT–IR) confirms the main bands of the Keggin
structure for all samples with 982, 965 (shoulder), 872, and a broad band at 605 cm−1 which
are assigned to νs(Mo−O), νas(P−O), νas(Mo−Ob−Mo) and νas(Mo−Oc−Mo), respectively
(Fig. 6.5) Jing et al. (2014b). The spectra of the fresh calcined and uncalcined catalysts
illustrate a weak band around 815 cm−1, ascribed to MoO3. This agrees with the FT-IR
results suggesting structural decomposition during preparation. FT-IR and Raman are sen-
sitive techniques capable of detecting tiny amounts of MoO3, none of which was detected by
XRD for the fresh calcined and uncalcined catalysts. The higher intensity and more obvious
shoulder of V2O5 for Cs−V−Cu.350 indicates stronger interaction between vanadium and
oxygen into the Keggin structure. Therefore, the stronger bond of vanadium and oxygen
(V2O5) justifies the better performance of this catalyst.
The wide spectra from 1380 to 1600 cm−1 for the used Cs−V−Cu · 350 indicates the presence
of amorphous carbon which is heterogeneously distributed over the catalyst surface. The
broad 600-700 cm−1 band is actually due to the overlapping of peaks at 605 and 645 cm−1
corresponding to the original νas(Mo−Oc−Mo) of the Kegging structure and MoO3, res-
pectively. This, along with the increase in intensity of the 815 cm−1 band, indicates partial
structural decomposition after reaction, in agreement with the FT-IR results (Fig. 6.5).
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Figure 6.5 Raman spectroscopy characterization of fresh catalysts and used Cs-V-Cu. 350
after 480min at 250 ◦C with 2MPDO/O2/Ar= 13%/10%/77%
UV-vis
UV-Vis diffuse reflectance spectra of catalysts before and after reaction show broad, intense
absorption bands from 200 nm to 600 nm (Fig. 6.6). Several components associated with the
various O2–→ Mo6+ charge–transfers in the Keggin anion constitute these broad spectra Ca-
vani et al. (2001f) : the low-energy charge-transfer band is due to oxidation potential of the
oxometal. Crystallinity of the compound as a structure of catalyst and also the function of
the cationic composition of the Keggin structure result in the absorption band above 400 nm
Cavani et al. (2001f). The broad band centered at ca. 700 nm that occurs in the spectra of
the spent Cs−V−Cu.350 catalyst shows the intervalence charge–transfers energies of molyb-
denum species ; indicating that octahedral Mo5+ developed during reaction and confirmed
the catalyst reduction after 480min Ballarini et al. (2007a). The notable broadening and
intensity increase of this band in the spectrum of the spent Cs−V−Cu calcined at 350 ◦C
compared to its low-temperature counter-part indicate increased charge mobility within the
Keggin anion. Therefore, Cs−V−Cu.350 reduced more than Cs−V−Cu.300 compared to the
corresponding fresh ones which resulted in better performance of Cs−V−Cu.350 for MAA
and MAC selectivities. Among the fresh samples, the Cs−V−Cu.350 shows a higher extent of
reduction compared to the other samples which confirms the higher effective redox reaction
between molybdenum and vanadium (Mo5++V5+ → Mo6++V4+) (confirmed by XPS).
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Figure 6.6 UV-Vis characterization of fresh catalysts and used Cs−V−Cu.350 after 480min
at 250 ◦C with 2MPDO/O2/Ar= 13%/10%/77%
NMR
1H and 31P MAS-NMR spectra measure the quality and degree of hydration of the Keggin
structure over the catalysts’ life cycle for fresh and used Cs−V−Cu.350. The 31P MAS-
NMR spectra of the catalysts show the Keggin structure of the samples (Fig. 6.7a). One
sharp peak, observed for every sample at ca. δ=-4.0 ppm, corresponds to the [PMo12O40]3–
anion ; however, the presence of other weak peaks in the spectra of the uncalcined and spent
catalyst suggest complexities in the catalyst structure which depend on the degree of hy-
dration and cationic interactions Guan et al. (2007a); Damyanova et al. (2003). Mizuno et
al. reported the formation of [PMo12O40]3– by thermal treatment of H3PMo12O40 Mizuno
et al. (1996b); Mizuno et Yahiro (1998). Therefore this peak for phosphorus asserts the for-
mation of salted cesium 12-molybdophosphoric acid in presence of vanadium and copper
(Cs(NH4)2PMo12O40(VO)Cu0.5) after treatment in air at 250 ◦C. The 1H MAS-NMR spec-
tra of the catalysts show one common peak for the ammonium cation at ca. δ= 5.8 ppm
Chernyak et al. (2013). This shoulder disappears with calcination temperature, as evidenced
by the gradual decrease in intensity from the uncalcined sample to the catalyst treated at
350 ◦C (Fig. 6.7b). This shoulder disappears entirely from the catalyst calcined at 350 ◦C
after reaction but only partially from the spent catalyst which was calcined at 300 ◦C.
TGA
The TG curve of the thermal decomposition of Cs−V−Cu shows four steps from 50 ◦C to
600 ◦C. In the first two steps, physisorbed water is released (< 100 ◦C), followed by a com-
parably small amount of bound water between 100 and 200 ◦C. Between 250 and 450 ◦C, the
anhydrous Cs−V−Cu salt decomposes to V and Mo oxides. By analogy with a previous study,
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Figure 6.7 a) 31PNMR b) 1HNMR characterization of fresh catalysts and used Cs−V−Cu.350
after 8 h at 250 ◦C with 2–methyl–1,3–propanediol/O2/Ar= 13%/10%/77%
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this begins with the decomposition of the ammonium cation above 350 ◦C resulting in ammo-
nia evolution, the formation of H3PMo12O40 and Cu0.5(VO)Ox dispersed over Cs3PMo12O40,
and simultaneous elimination of acidic protons Mahboub et al. (2016a). The result is a lacu-
nary Keggin structure that further decomposes to the aforementioned oxides (Fig. 6.8). The
weight loss may also be due to CuO reducing to Cu2O on heating. Cs−V−Cu.350 loses 6.5%
of its mass while the Cs−V−Cu.300 lost 7%. While both spent samples lost more mass than
their fresh counterpart due to coke built-up from the reaction, the spent Cs−V−Cu calcined
at 300 ◦C decreased sharply at 550 ◦C, followed by a plateau (Fig. 6.8). Jing et al. claim that
above 550 ◦C, P2O5 sublimes and this sublimation is more obvious for catalyst calcined at
lower temperature (300 ◦C) Jing et al. (2014b).
FE-SEM
High resolution FE–SEM shows that the elements are distributed evenly for all catalysts with
a rough texture at low magnification. At high magnification, the roughness is obviously due
to 200 nm to 500 nm particles that cover the surface. (Fig. 6.9). Surface elemental analysis
(EDX spectrum) confirms the presence of Cs, Mo, P, V, and Cu (Fig. 6.9). Used catalysts
also have a strong carbon peak due to coke.
The map elemental analysis at higher resolution also indicates that nitrogen is more evenly
distributed on the catalyst calcined at 350 ◦C, which correlates with its superior performance.
XPS
High resolution X-ray photoelectron spectroscopy confirms the oxidation state of Cs, P, Mo,
and C elements on the surface. The uncalcined sample contains Mo3d 5/2 level at binding
energies of 231.7, 232.7 and 234.7 eV, with intensities corresponding to 1.9% at., 11.5% at.
and 4.5% at. of the total count, respectively. The first binding energy is attributable to Mo5+
while the second is attributable to the crystalline phase of Mo6+. The last one (234.7 eV) has
a higher binding energy compared to the normal molybdenum which we suppose it is due to
the higher electro–negativity of the atoms surrounding Mo or it might be due to water trap
for uncalcined sample. The calcined samples have two binding energies at 231.9 and 233 eV
which are assigned to Mo5+ and Mo6+, respectively.
The atomic ratio of Mo6+/Mo5+ for calcined samples is higher than uncalcined one (12.4,
9.9 and 8.4% for Cs−V−Cu.350, Cs−V−Cu.300 and Cs−V−Cu.non, respectively) which
confirms that calcination oxidizes the coordinatively unsaturated Mo5+ to Mo6+ in the crys-
talline phase. Higher atomic ratio of molybdenum (compared to other metal cations) for all
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Figure 6.8 Thermal decomposition of fresh catalysts and used Cs−V−Cu.350 after 480min
at 250 ◦C with 2MPDO/O2/Ar= 13%/10%/77% under oxygen flow
Figure 6.9 Morphology of fresh catalysts and used Cs−V−Cu.350 after 480min at 250 ◦C
with 2MPDO/O2/Ar= 13%/10%/77% under oxygen flow
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catalysts before and after the reaction confirms that the surface is enriched in molybdenum
(Table 6.4).
All samples before and after reaction have similar binding energies (∼ 132 eV) for phosphorous
(P2p) in the form of PO4 which confirms that this atom is mainly present as P5+. Cesium also
shows the same binding energy before and after reaction equal to 724 eV–Cs1+ (Fig. 6.11–
used Cs−V−Cu · 350 sample).
We expect to find binding energies for vanadium (V2p 3/2) between 512 eV to 518 eV but no
peak is evident in that region of the spectrum, which suggests that its surface concentration
is less that 0.1 at. %. So oxidation state for vanadium is unknown. The same applies for
copper and nitrogen : binding energies for copper lie between 932 eV to 954 eV, N1s binding
energies are 400 eV, but it overlaps Mo3p 3/2.
The Auger electron peaks for cesium at 933 cm−1 overlaps with the main copper peak so to
identify copper we rely on its secondary peak. The XPS identified the secondary peak in the
hydrogenated sample but it was absent in the original sample. Most of the oxygen before and
after reaction is oxygen connected to metal cations in the form of O2– (530.7 eV). There is a
small portion for oxygen with a lower electron density than O2– ions (531.7 eV) and oxygen
in nonequivalent oxygen sites (around 529.8 eV) (Fig. 6.11– used Cs−V−Cu · 350 sample).
XPS detected small portions of C−OH or C−O−C at 532.8 eV and O−C in ester with
binding energy of 533.9 eV in the used catalyst. These species may form when the samples
were exposed to air. The oxidation state of the Mo changes with time on stream as the
surface Mo6+/Mo5+ atomic ratios of the used catalysts are much lower than those of the
corresponding fresh catalysts (Table 6.4). The reduction of molybdenum for Cs−V−Cu.350
is higher than Cs−V−Cu.300, which suggests that a lower oxidation Mo is desirable. Finally,
the analysis of used samples illustrate the presence of carbon on the surface due to coke
formation (Fig. 6.11e) (We put the XPS results for used Cs−V−Cu.350 as an example).
Table 6.4 XPS data for fresh catalysts and used Cs−V−Cu.350 after 480min at 250 ◦C with
2MPDO/O2/Ar= 13/10/77 under oxygen flow
Sample Binding energy (eV) Surface composition (at %) SOS
∗
Cs 3d5 P 2p Mo 3d O 1s C 1s Cs P Mo O C Mo6+/Mo5+
Cs-V-Cu.non 725.1 135 233.9 531.6 — 4.5 1.5 17.9 76.1 — 8.4
Cs-V-Cu.300 723.8 133.9 233 530.7 — 4.1 2.1 17.5 76.3 — 9.9
Cs-V-Cu.350 724.5 134.8 233.6 531.4 — 4.3 2.3 17.4 76.0 — 12.4
Used Cs-V-Cu.300 723.7 133.8 232.8 531.6 284.8 0.2 0.3 3.0 34.7 61.7 8.7
Used Cs-V-Cu.350 723.6 133.7 232.7 531.5 284.8 0.4 0.6 5.1 42.8 51.1 9.0
∗SOS = Surface oxidation state
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Figure 6.10 Cs-V-Cu.350 XPS spectra before hydrogenation (lower red line) and after hy-
drogenation (upper green line). Auger electrons mask the primary Cu peak at 932 cm−1
(Cu2p3/2)after hydrogenation but the secondary peak Cu2p1/2 is clearly evident. The secon-
dary Cu peak is absent in the catalyst spectra before before hydrogenation.
6.4.2 Catalytic activity
Calcination temperature
Among the three catalysts (uncalcined, calcined at 300 ◦C, and calcined at 350 ◦C), after
100min time–on–stream at 250 ◦C, Cs−V−Cu.350 was the most selective and produced the
most MAA, with a yield greater than 24% (Table 6.5, Fig. 6.12). The maximum selectivity
to MAA and MAC was 41% and 33%, respectively. The uncalcined catalyst has the poorest
performance towards MAA and MAC selectivity. Calcining the catalyst decreases activity
while increasing selectivity, which is standard for many oxidation catalysts Patience et al.
(2007). MAA yield decreases with increasing 2MPDO conversion which this decreasing trend
is more obvious for uncalcined catalyst and is minimum for Cs−V−Cu · 350. Higher cal-
cination temperature improves catalyst performance and product selectivity which directly
relates to oxidation state of metal ions into the catalyst structure and redox reaction between
the Keggin–anion and cations. More carbon oxides formed during the oxidation step with the
catalyst calcined at 350 ◦C compared to sample calcined at 350 ◦C and for this reason 2MPDO
conversion was higher but oxygen conversion is lower, which is counterintuitive. XPS results
showed that calcining samples increased the Mo6+/Mo5+ ratio where higher calcination tem-
perature resulted in higher ratio. Therefore, we suppose that calcining reduces vanadium
from V5+ to V4+ while the Mo5+ oxidizes to Mo6+ in the Keggin structure (V5++Mo5+ →
V4++Mo6+) which is consistent with previous reports. The XPS spectra confirmed that V4+
135
(a) Molybdenum ion. (b) Cesium ion.
(c) Phosphorous ion. (d) Oxygen ion.
(e) Carbon deposition on surface.
Figure 6.11 High resolution elemental surface analysis by XPS for used Cs−V−Cu.350
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leaves the Keggin ion (primary structure) and forms VO2+ as part of the secondary structure
due to the partial structural decomposition of the polyoxometalate during the heat treat-
ment. This compound maintained the reduced state even while calcining in air and during
reaction (based on XPS analysis). The XPS results indicate that the average oxidation state
(based on Mo6+/Mo5+ atomic ratio) of Cs−V−Cu.350 is higher than Cs−V−Cu.300, which
correlates with the improved performance. The XPS analysis and UV–Vis data demonstrate
that used catalyst calcined at 350 ◦C becomes more reduced compared to the used catalyst
calcined at 300 ◦C. The Mo6+/Mo5+ for the Cs–V–Cu.350 decreased 27% after reaction whe-
reas, the oxidation state of Cs–V–Cu.300 decreased by less than 10%. These data confirm
that MAA and MAC selectivity increase over Cs–V–Cu.350 because of the higher reduction
and ion exchange between molybdenum and other elements (vanadium and oxygen).
Raman spectroscopy confirms that the V2O5 bond in Cs−V−Cu.350 reduced the molybde-
num more compared to the other samples. Higher calcination temperature shows a redox
reaction couple between the primary structure (PMo12O 3–40 ) and cation ions. Although the
crystallinity of the uncalcined catalyst is the same as the calcined catalysts, its performance
is poorer potentially because the catalyst is not sufficiently reduced to form the active phase.
The maximum error of instruments for all experiments (based on repeated experiments)
was 3%. Therefore, the difference between selectivity for all samples at the different feed
composition is due to calcination temperature. The selectivity of MAA and MAC is the
same for the uncalcined catalyst (Cs−V−Cu.non) and the selectivity to methane is highest,
which demonstrates that it is very active (Fig. 6.13). The selectivity for MAA is highest for
the calcined catalysts followed by : MAA>MAC>COx>CH4. MAC and methane selectivity
are the same (32% and 5%, respectively) for the calcined catalysts (Fig. 6.13).
Time–on–stream oxidation
During the first 20min, the Cs−V−Cu.350 catalyst is non-selective and as it activates with
time, MAA selectivity increases, MAC decreases. High throughput experimental methods
might have rejected the catalyst. The trend in yield of the desired product is uncharacte-
ristic of vanadium pyrophosphate catalysts (VPP) for butane oxidation to maleic anhydride
(2% n-butane in air) Patience et al. (2007). Whereas both selectivity and activity increase
with time for the Cs−V−Cu.350, VPP catalysts lose activity and gain selectivity during the
activation period ( 24 h). Only as the phosphorous volatilizes due to the high temperature
(< 400 ◦C) does the VPP lose selectivity and gain in activity. Some studies on partial oxida-
tion of isobutane to MAA over molybdenum based catalysts show the same trend for both
selectivity and activity because of in–situ reduction of Mo and to the partial decomposi-
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Table 6.5 Calcination temperature and feed composition on catalyst performance at 250 ◦C
after 100min time–on–stream
Run Catalyst Feed composition 2MPDO Conv. (%) O2 Conv. (%)
Selectivity (%)
2MPDO/O2/Ar MAA MAC COx CH4
1
Cs−V−Cu.300
10/10/80 67 90 31 35 22 6
2 10/13/77 79 81 23 34 25 8
3 13/10/77 60 91 37 32 22 5
4 13/13/74 76 83 30 39 23 3
5
Cs−V−Cu.350
10/10/80 71 85 32 39 23 5
6 10/13/77 81 80 28 29 37 9
7 13/10/77 63 91 41 33 21 4
8 13/13/74 74 92 34 44 22 4
9
Cs−V−Cu.non
10/10/80 76 77 17 27 29 18
10 10/13/77 84 80 11 13 47 18
11 13/10/77 78 97 19 20 30 22
12 13/13/74 81 95 18 27 35 15
Figure 6.12 Selectivity versus conversion over different catalysts and feed compositions at
250 ◦C at 100min
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Figure 6.13 Products selectivity vs. catalyst type for 2MPDO/O2/Ar= 13%/10%/77% at
250 ◦C after 100min (?? : Cs−V−Cu.350 performance after 480min)
tion of the catalyst and generation of more active Mo species in the cationic position of the
polyoxomtalate Cavani et al. (2003b, 2001b, 2003a).
In the first 10min, Cs−V−Cu · 350 catalyst combusts 45% of the 2MPDO and not until
100min time-on-stream does the MAA yield improve to 25%. After 8 h the selectivity to
MAA reaches 57% and a yield of 38% (Figs. 6.14,6.15). However, during the initial 100min,
the selectivity to MAC decreases from above 40% to 26% at the end of the test. The increase
in MAA yield is several fold larger than the drop in the MAC yield. The catalyst does convert
MAC to MAA but this reaction rate must be slower than the direct route from 2MPDO to
MAA. Evidence for this lies in CO2, CO, and CH4. MAC in the product gas confirms that it
formation rate is on the same order of magnitude as its reaction rate.
At temperatures above 250 ◦C oxygen and 2MPDO react catalytically to MAA, MAC, carbon
oxides and methane (Eqs. 6.3–6.5). The decrease in MAC yield correlates most with the
decrease in yield of carbon oxides and methane. During the last 8 h, selectivity to MAC and
COx and CH4 decrease : The MAC selectivity dropped from 57% to 26% while the CO2
selectivity reached 17% at the end of the test and CH4 selectivity was 5.5% (Fig. 6.14).
In fact, the catalyst combusted the 2MPDO up to 10min after beginning to inject the so-
lution and the CO2/CO was 0.7. The COx selectivity was 45%. CH4 selectivity was 25%
at the beginning but after 10min it dropped and the COx/CH4 ratio remained constant at
3 thereafter. The methyl group of the C4 compounds hydrogenates to methane while the
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Figure 6.14 Conversion and product selectivity over Cs−V−Cu · 350 at 250 ◦C and
2MPDO/O2/Ar= 13/10/77 during 8 h after oxidation which X shows the 2MPDO conversion
trend
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Figure 6.15 Yield as a function of time over Cs−V−Cu · 350 at 250 ◦C and 2–methyl–1,3–
propanediol/O2/Ar= 13/10/77 during 8 h after oxidation
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remaining 3 carbons form CO2 and CO.
C3H5(CH3)(OH)2 + 0.5O2 −→ C2H2(CH3)CHO + 2H2O (6.3)
C3H5(CH3)(OH)2 +O2 −→ C2H2(CH3)COOH+ 2H2O (6.4)
C3H5(CH3)(OH)2 + 3O2 −→ 2CO2 + CO+ CH4 + 3H2O (6.5)
During the first 2 h, the selectivity of MAA triples and the MAC drops by 50%, while the
carbon oxides and methane increase by 30%. So, the marginal increase in carbon oxides and
methane corresponds to the increase in MAA but the series decomposition rate is an order
of magnitude slower. After 2 h, the selectivity of MAA continues to rise but the selectivity
to MAC, COx, and CH4 drops but the yield is essentially constant. The oxygen conversion
was high compared to 2MPDO (Table 6.5) which confirms that the reaction is limited by
O2 availability. Byproducts yield vs O2 conversion shows that the yield of CO2 is almost
invariant with oxygen conversion ; however, the yields of CO and CH4 increase with increasing
of oxygen conversion up to 77% and then they are almost constant with increasing conversion
(Fig. 6.16). The MAA selectivity changes in three stages : in the first 30min, it is below 6% ;
it increases sharply in the second stage between 30min to 120min ; and, it increases slightly
thereafter up to 480min where it increased from46% to 57%. The change in MAA selectivity
correlates with the drop in MAC selectivity but this relationship is not substantiated in the
graph of yield versus time-on-stream since MAC yield decreases 10% over the first 2 h whereas
the yield of MAA increases to 38% (Fig. 6.15). Moreover, 2MPDO conversion increases and
there is a constant trend for other byproducts, which confirms that 2MPDO converts directly
to MAA over the catalyst surface. If the carbon oxides and methane come predominantly
from MAC, then an increase in MAC yield would necessarily increase the yield of these
byproducts, which is not the case. Therefore, at least two catalytic sites must be active in
the process.
The change in the conductivity of the quench confirms that the product selectivity toward
MAA increases with time as the rate of change was low during the first 100min and increased
thereafter at a steady rate. MAC contributes less to the conductivity compared to MAA.
The favoured path to MAA is via 2MPDO directly rather than via MAC. At the same reaction
conditions (MAC/O2/Ar=13/10/77 at 250 ◦C and after 100min), MAA yield and selectivity
were lower with MAC as the reactant versus 2MPDO. We propose the general mechanism
in which 2MPDO reacts to form both MAC and MAA. MAC is the main intermediate that
oxidizes to MAA and COx. 2MPDO forms CH4 catalytically (Fig. 7.7).
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Figure 6.16 By–products selectivity versus oxygen conversion for 2MPDO/O2/Ar=
13%/10%/77% at 250 ◦C after 480min over Cs−V−Cu.350
Figure 6.17 The general mechanism to produce MAA from 2MPDO
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Hydrogen pretreatment after calcination
To test whether or not the Mo oxidation state was a factor in the low initial MAA selectivity,
we reduced the three uncalcined and calcined catalysts in hydrogen (40mLmin−1) for 12 h
at 250 ◦C. We then fed 2MPDO/O2/Ar=13%/ 10%/77%. Consistent with the experiments
with the reduction step, the performance of the Cs−V−Cu · 350 was the best and the initial
selectivities were low : reducing the catalyst had no apparent effect on the initial selectivity.
After 100min, the maximum MAA and MAC selectivities were 43% and 37%, respectively,
over Cs−V−Cu.350 which is similar to the calcined only catalyst (Cs−V−Cu.350) of 41%
and 33%, respectively (Fig. 6.18). The COx and CH4 selectivities were also similar for the
two cases. Much like the non-reduced catalysts, the performance of the Cs−V−Cu.non was
the poorest.
There is lower oxygen connected to metal cations over the reduced catalyst surface compared
oxygen with lower electron density than O2– and oxygen in sites with higher covalence of
the metal–O bond. Moreover, for reduced catalyst, XPS detected the vanadium and copper
in the first 10 nm of the surface ; whereas, for the non–reduced catalyst, XPS did not detect
these metal ions. Higher vanadium and copper over catalyst surface may accelerate ion trans-
fer among metal ions and also oxidation–reduction of molybdenum and vanadium. FT–IR
analysis illustrates a broad pick for a Mo−Ot−Mo and a small shoulder for Mo−Ob−Mo
which confirm weaker bond between molybdenum and oxygen and sharper pick for which
can be a proof for slight better performance of reduced catalyst.
6.4.3 Long time-on-stream oxidation-reduction sequence
The experimental protocol for this series of tests was to dose the catalyst with 2MPDO and
oxygen (2MPDO/O2/Ar=13/10/77) for 20min and then reduce in hydrogen (40mLmin−1)
for 2min (stop injecting 2MPDO and switch oxygen to hydrogen) at 250 ◦C. The trend of the
selectivity over 8 h was the same as the non-reduced catalyst : initial selectivity of MAA was
low while the initial MAC selectivity was high. The MAA selectivity was slightly higher and
2MPDO conversion was the same. MAC selectivity was 2% higher and consequently, the COx
and methane were lower. Consistent with the 100min test after 12 h of reduction, hydrogen
has no effect on catalyst performance, thus the increase in catalyst performance with time
on stream must be due to the carbon-catalyst moieties on the surface, which happen to be
inert with respect to hydrogen (Fig. 6.19).
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Figure 6.18 Selectivity of products over reduced catalysts at 250 ◦C and 2MPDO/O2/Ar=
13/10/77 after 100min
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Figure 6.19 Product selectivity over Cs−v−Cu · 350 at 250 ◦C and 2MPDO/O2/Ar= 13/10/77
after 480min over oxidation–reduction condition
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Mechanism
Cavani et al. reported the mechanism of the selective oxidation of isobutane to methacrylic
acid catalyzed by Keggin–type polyoxometalates Cavani et al. (2001f). Here, we designed ex-
periments at high conversion and partial 2MPDO conversion to identify the reaction steps and
study the relationship between catalyst structure and products. At the same feed concentra-
tion over 0.5 g of catalyst (rather than 2 g) and 200 ◦C (rather than 250 ◦C) the main product
was MAC with some 3–hydroxy–2–methylpropanal, 3–hydroxy–2–methylpropionic acid, ace-
tic acid, 2–methylpropanal and isopropyl alcohol (Fig. 6.20). However, we did not detect
MAA because MAC oxidizes to MAA above 200 ◦C. In 2MPDO the C−H and the C−OH
single bond homolitic dissociation energy of the tertiary carbon and the carbon bearing the
alcoholic function, respectively, is comparable (400 kJmol−1 vs. 393 kJmol−1). Therefore the
cleavage of these two bonds is equally likely. Though, the route of direct dehydration of
2MPDO followed by oxidation to MAC seems the most direct path to the products detected,
we also propose a mechanism that passes through the homolitic dissociation of the C−H
bond, in reason of the very similar bonding energies. The two mechanisms may be therefore
parallel. The quantification of the respective contributions needs further data collection. We
propose a mechanistic model for the gas–phase oxidation of 2MPDO to MAA and MAC
over a Keggin-type catalyst with molybdenum and oxygen on the surface (XPS results)
(Fig. 6.21). Equally to the activation of isobutane, the rate limiting step is the abstraction
of a hydride ion (H– ) from the tertiary carbon, which gives a tertiary carbocation passing
through an alkoxide–type intermediate (I). The bond C−H is weaker than C−C and C−O.
In a second step (II), an adjacent Mo oxidized surface site abstracts an H+ species from the
carbon bearing the alcoholic function of the 2MPDO yielding another alkoxide–type interme-
diate connected to the catalyst surface via a Mo−O−C bridge. This species is in equilibrium
with a dialkoxy species, where the H of the alcoholic function migrates in correspondence of
the carbocation. This latter dialkoxy species is common intermediate to both methacrolein
and methacrylic acid (steps IIIa and IIIb in Fig. 6.21). In case of methacrolein, the surface
sites involved re-oxidize yielding the intermediate 3–hydroxy–2–methylpropanal. In previous
experiments, we confirmed that the 3-hydroxy-2-methylpropanal is a possible intermediate
by adding sulfuric acid (as a catalyst) to a mixture of MAC with water Mahboub et al.
(2016a). After 24 h, the GC-MS detected 3-hydroxy-2-methylpropanal peak Mahboub et al.
(2016a). 3–hydroxy–2–methylpropanal dehydrates to methacrolein (IIIa). For methacrylic
acid, the surface site further reduces to yield 3–hydroxy–2–methylpropionic acid, which then
dehydrates to MAA (IIIb).
Pyo et al. reported the oxidation of 2MPDO to MAA in a two–step process where enzymes
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Figure 6.20 GC-MS analysis to detect a) 3–hydroxy–2–methylpropanal and b) 3–hydroxy–2–
methylpropionic acid at low 2MPDO conversion
first convert 2MPDO to methacrolein and then TiO2 oxidizes it to the final product Pyo
et al. (2012). We also report the gas–phase dehydration to the same intermediate (Fig. 6.21).
However, Brønsted and Lewis acid sites may promote the dehydration keeping the inter-
mediates anchored to the catalyst surface without desorbing any oxidized compound in the
gas-phase, except for the two products (MAA and MAC). In this case, there are 3-hydroxy-
2-methylpropanal and 3–hydroxy–2–methylpropionic acid in the products at low conversion,
whereas, as soon as conversion increases they are converted to MAC and MAA. In our case,
we speculate that, being the starting material already oxidized and acid–catalyzed dehydra-
tion. Oxygen in the gas–phase re–oxidizes the catalyst according to the redox mechanism
Paul et al. (1997). However, the product selectivity changes over time (Fig. 6.14, 6.15). In
particular, while MAA selectivity increases, MAC selectivity decreases together with COx.
All Keggin–type heteropolyacids present an unsteady behaviour at the beginning of the reac-
tion Cavani et al. (2000). During the equilibration period, the catalyst undergoes a decrease
in the Mo6+/Mo5+ (Table 6.4) even under oxidizing conditions Cavani et al. (2001f). The
progressive increase in the extent of the reduction of the catalyst should accompany with a
progressive increase of the partial oxidation products, MAA and MAC and a decrease in COx
selectivity. At the beginning of the reaction MAA overoxidizes to COx on the catalyst and
decomposes to CH4. The trend of COx in fact increases in the first 120minute. After the equi-
libration time of 120minute, the activity of the catalyst towards complete oxidation reduces,
privileging the one towards partial oxidation. At this point the MAA selectivity stabilizes
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together with COx (Fig. 6.15). The catalyst cracks 50% of 2MPDO to one mole of methane,
2 mole of CO and 1 mole of CO2. The route of the direct dehydration of 2MPDO followed by
oxidation to MAC and then oxidizing MAC to MAA is likely mechanism, since dehydration
is easier than a C−H activation, which opens the possibility two parallel mechanisms. The
respective contributions of the different process routes require clarification in future work.
6.5 Conclusions
Higher calcination temperature increases MAA selectivity, whereas the maximum selecti-
vity for MAC and MAC was 41% and 33%, respectively at 250 ◦C over 2MPDO/O2/Ar=
13/10/77 after 100min over Cs−V−Cu.350. Over higher temperature, more ammonium ions
evaporate from the catalyst structure and therefore, it’s crystallinity reforms by providing
V2O5 and stabilizes with more vacancies. Over Cs−V−Cu.350, there is a higher reduction
of molybdenum (Mo +6 to Mo +5 ) by vanadium compared to Cs−V−Cu.300. Time–on-stream
reaction shows that the catalyst (Cs−V−Cu.350) is active up to 480min and over the steady–
state situation the selectivity of MAA is 57%. The MAA selectivity increases over reduced
catalysts because hydrogen consumes the oxygen of the catalyst’s surface and then during the
reaction some molecular oxygen as a co–feed is adsorbed by the catalyst which prevents re–
oxidation of desired products. The oxidation–reduction condition maximized the selectivity
to MAA (61%) after 480min over Cs−V−Cu.350.
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Figure 6.21 Proposed mechanism based on the correlation between catalyst structure and
reaction
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7.1 Abstract
Methacrylic acid (MAA) is a specialty monomer for poly methyl methacrylate (PMMA). Par-
tial oxidation of 2–methyl–1,3–propanediol (2MDPO) to MAA is an alternative to commer-
cial technology with fewer process steps, less costly and toxic feedstocks and longer catalyst
lifetime. Here we evaluated 2MPDO and oxygen concentrations, reaction temperature, and
contact time on product selectivity and 2MPDO conversion over VOCu0.5/Cs(NH4)2PMo12O40.
Higher temperature increases selectivity and conversion ; MAA selectivity reached 46% at
69% 2MPDO conversion. Higher 2MPDO to O2 ratio favors higher MAA selectivity due to
methacrolein (intermediate) oxidation to MAA (means higher ratio favors consecutive oxida-
tion) or lower combustion of MAA to COx. Shorter contact times decrease MAA selectivity.
The Mars van Krevelen model characterizes the experimental data better than either the
Langmuir-Hinshelwood or Eley-Rideal models : The reaction sequence involves both direct
and indirect reactions in which 2MPDO goes to methacrolein (MAC) as an intermediat and
then it oxidizes to MAA (indirect) and/or 2MPDO directly oxidizes to MAA but the indirect
reaction rate to MAA is 50 times faster than the direct reaction rate. The reaction order to
both 2MPDO and oxygen is one, and reacting of 2MPDO over the oxidized sites to form
products is the rate–limiting step.
7.2 Introduction
Methyl methacrylate (MMA) polymerizes to poly–methyl–methacrylate (PMMA), which is
a transparent non-crystalline vitreous thermoplastic known as Altuglas (Arkema), Plexiglass
(Arkema and Evonik), and Lucite (Mitsubishi) Nagai (2001); Godfrey (1963); Kung (1994).
The monomer has also diverse applications in the paints and coatings and medical industries
Smith et al. (1999); W.Dormer et al. (1998); Ballard et al. (2017); Cao et al. (2018). Acetone–
cyanohydrin (ACH) is the prevalent commercial route to produce MMA in which acetone
reacts with hydrogen cyanide to form MMA via cyanohydrin as an intermediate Zhou et al.
(2017b). Highly toxic and expensive reactants and a large volume of byproduct ammonium
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bisulphate are the main drawbacks of this process Mizuno et Yahiro (1998); Deng et al.
(2005); Cavani (2010); Mizuno et al. (1996b); Knapp et al. (2001).
Ethylene, propylene and isobutene are promising alternative feedstocks to produce PMMA
but the technology hurdles that so far discourage investment include catalyst stability and
high capital associated with the multiple reaction trains Nagai (2001); Mizuno et Yahiro
(1998); Montag et Mckenna (1991); Drent et Budzelaar (1996); McGarvey et Moffat (1991);
Edake et al. (2017b); Aworinde et al. (2018). Isobutane partially oxidizes to MAA and MAC
in a single–step but conversion is unacceptably low Sultan et al. (2004); Cavani et al. (2001f);
Misono (2001); Kanno et al. (2010); Zhang et al. (2013); Paul et al. (2010); Mizuno et Mison
(1998); Mizuno et al. (1998). Heteropolycompounds (Keggin–type) are selective catalysts to
form MAA and MAC Ma et al. (2017); Zhou et al. (2017a). Several studies tested various
operating conditions and feed composition for the partial oxidation of isobutane and confir-
med that it follows Mars van Krevelen mechanism Sultan et al. (2004); Paul et al. (1997);
Schindler et al. (2001). Gas–phase partial oxidation of 2–methyl–1,3–propanediol (2MPDO)
over Keggin–type heteropolycompounds containing cesium, vanadium and copper is an inter-
esting approach that promises high MAA+MAC selectivity and reactant conversion after 1 h
time–on–stream Mahboub et al. (2016a,b); Dubois (2014). Previous studies identified factors
to maximize MAA selectivity over VOCu0.5/Cs(NH4)2PMo12O40Mahboub et al. (2016a,b).
Here we measure the 2MPDO partial oxidation kinetics and derive a mechanistic model that
accounts for the effect of feed composition, temperature, and contact time.
7.3 Experimental
7.3.1 Synthesis of VOCu0.5/Cs(NH4)2PMo12O40 Catalyst
Cesium nitrate (1.87 g) dissolved in 0.1mol L of NH4NO3 under vigorous stirring in 100mL of
distilled water at 40 ◦C. Na2HPMo12O40 (2mLmin−1) reacted with the solution to form a fine
precipitate. Filtering and drying this precipitate for 16 h at 120 ◦C provided Cs(NH4)2PMo12O40
solid Mahboub et al. (2016a). We then dissolved 2.2 g of VOSO4 · 5H2O and 1.05 g of Cu(NO3)2
in 35mL of deionized water. This solution was added dropwise to 27 g of Cs(NH4)PMo12O40
to form a sticky pulp. A rota–evaporator homogenized the pulp for 3 h. Finally, the catalyst
dried in air at 120 ◦C (12 h) and calcined at 350 ◦C (4 h) to form VOCu0.5/Cs(NH4)2PMo12O40.
150
7.3.2 Reaction conditions and procedure
The experimental design consists of three hydrocarbon and oxygen concentrations (10%,
13% and 16%) at 200 ◦C, 250 ◦C, 285 ◦C, and 320 ◦C and a residence time (τ) of 0.18 s
and 0.36 s. We completed a full factorial design with 72 experiments in a µ-fluidized bed
with an inner diameter of 8mm and 520mm long. Each experiment lasted 100min. Mass
flow controllers metered the gas to the reactor and a thermocouple monitored temperature
(Fig. 7.1) Mahboub et al. (2018). An HPLC pump introduced the liquid into a 1/16" tube
and a supplementary argon stream atomized the liquid at the nozzle tip inserted directly into
the catalyst bed. Before running a test, argon purged the reactor while the furnace brought
it to the desired temperature. Heat tape maintained the exit line at 200 ◦C to minimize
product condensation. A 150mL distilled water quench trapped all condesables. An online
conductivity meter monitored the composition of samples that we withdrew from the vessel.
An online mass spectrometer (MS) (Pfeiffer Vacuum Thermostar) tracked the noncondensable
fraction and periodically we measured the gas phase composition by GC–MS.
7.3.3 Kinetic parameter estimation
Carbon and oxygen balances ranged from 95% to 100%. The two main products were MAA
and MAC and their selectivity were calculated based on moles of carbon at the outlet with
respect to 2MPDO in the inlet. We consider COx was a byproduct from 2MPDO, MAA,
and MAC complete oxidation. We report kinetic rate constants with respect to a reference
temperature of 653K :
kj = kj,653[−EajR (
1
T − 1653)]
We minimize the following objective function (φ) to estimate the kinetic parameters that R2
represents the coefficient of determination for the main products selectivity and reactants
conversion Lorences et al. (2003) :
φ = 3−R2X,2MPDO −R2S,MAA −R2S,MAC
R2X,2MPDO = 1−
∑
(X2MPDO,calc−X2MPDO,exp)2∑
(X2MPDO,exp−X¯2MPDO,exp)2
R2S,MAA = 1−
∑
(SMAA,calc−SMAA,exp)2∑
(SMAA,exp−S¯MAA,exp)2
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Figure 7.1 Schematic of the experimental set–up Mahboub et al. (2018)
R2S,MAC = 1−
∑
(SMAC,calc−SMAC,exp)2∑
(SMAC,exp−S¯MAC,exp)2
We chose 2MPDO conversion, methacrylic acid and methacrolein selectivities as the three
factors to minimize in the objective function.
7.4 Results and discussion
Selectivity of MAA over VOCu0.5/Cs(NH4)2PMo12O40 varied from 4% to 46% and the range
for MAC was similar from 16% to 63% (Table 7.1 and Fig. 7.5). The CO/CO2 ratio remained
below 1 for almost all experiments. Experiments in which the CO/CO2 was below 0.2 had
correspondingly higher CH4 selectivities that hovered around 8% to 10%. Low CO/CO2 is a
sign that most reactions are taking place on the catalyst surface and not the gas phase. The
range of CO2 selectivity was 12% to 31%, while it was 5% to 15% for CO, and 2% to 14%
for CH4. Coke accumulated on the catalsty and varied between 1% to 5% of the total carbon
reacted. After each experiment, oxygen regenerates the catalyst and the MS monitors the
carbon oxides concentration from which we calculate the carbon deposition over the surface.
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Table 7.1 Experimental Data. Contact time for Experiments 1–27 was at τ= 0.36 s and τ=
0.18 s for Experiments 28–54.
Feed comp. (mol %) Temp. ◦C Conversion, % Selectivity, %C4/O2/H2O/inert MAA MAC COx
2.2/7/33.5/57.3 280 8 56 7 25
2.2/7/33.5/57.3 300 17 53 13 19
2.2/7/33.5/57.3 340 47 18 3 36
2.2/13.7/33.5/50.6 300 22 51 0 23
2.2/20.7/33.5/43.6 300 28 34 0 28
2.2/13.7/33.5/50.6 300 12 58 0.4 21
2.2/13.7/33.5/50.6 300 11 51 14 19
7.4.1 Effect of feed compositions and temperature on selectivity at high conver-
sion
In the range of 250–320 ◦C, MAA selectivity increased with temperature for all feed com-
positions and reached a maximum of 46% at 320 ◦C, τ= 0.36 s and a 2MPDO/O2 ratio of
13%/10%. Oxidizing MAC–as the main intermediate–to MAA at higher temperature ac-
counts for this trend (Figs. 7.2-7.3). There is no specific tendency for all feed compositions
because of complexity of the system by production–consumption of byproducts at different
temperatures. The selectivity to MAA for 2MPDO/O2= 13%/10% is much higher than other
feed compositions at the same temperature and contact time. We supposed that hydrocar-
bon occupies more active sites and produce more desirable products ; meanwhile, minimizes
carbon deposition. Lower oxygen concentration (10%) yields higher MAA selectivity for all
2MPDO concentrations because the combustion of the product acids decreases with decrea-
sing oxygen concentration (Fig. 7.2). The selectivity at 2MPDO/O2= 10%/16% was almost
the same at 250 ◦C and 285 ◦C and increased a little at 320 ◦C. At the same temperature,
higher oxygen concentration was unfavorable because of the further oxidation of MAA to
COx.
Conversely, MAC selectivity has a decreasing trend with temperature whereas it is maxi-
mum at 250 ◦C. Higher 2MPDO concentration favors MAC in which the maximum selec-
tivity reaches 52% at 2MPDO/O2= 16%/16% and the lowest was 16% at 2MPDO/O2=
10%/13%. The selectivity to MAC at 2MPDO/O2= 13%/10% is lower compared to others
and trend confirms that MAC is an intermediate for this reaction and higher temperature
favors oxidizing MAC to MAA.
COx selectivity is greatest at the highest oxygen concentration at all temperatures (Fig. 7.4).
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The data suggest that COx mostly comes from MAC combustion. The selectivity to desired
products (MAA and MAC) is lower at shorter residence time ; however, the selectivity to
byproducts (COx and CH4) is higher at shorter residence time. Oxygen conversion is higher
than 2MPDO conversion for all feed compositions and temperatures. 2MPDO conversion
increases with decreasing its concentration which is maximum with 10% 2MPDO in inlet.
There is no trend for oxygen conversion based on its concentration ; however, it decreases
for lower oxygen concentrations in comparison with 2MPDO in feed composition (Figs. 7.2-
7.4). Increasing the temperature (from 250 ◦C to 320 ◦C) has a little effect on 2MPDO and
O2 conversion. In conclusion, lower temperature (250 ◦C) and oxygen concentration (10%)
decreased the 2MPDO conversion down to 63% at τ=0.36 s. Decreasing residence time to
0.18 s, decreases both 2MPDO and O2 conversions for all experiments (Figs. 7.2-7.4).
The effect of both temperature and feed gas concentrations on 2MPDO conversion and MAA
selectivity shows that at all temperature and feed gas concentrations, the MAA selectivity
decreases with increasing 2MPDO conversion (Fig. 7.2). MAA selectivies are highest at about
46% conversion with 13% 2MPDO in the feed.
MAA selectivity is greatest at higher temperatures, indicating that 2MPDO mainly forms
MAC rather than MAA then MAC oxidizes further to MAA ; higher temperature favors lat-
ter reaction. At each feed composition, MAA selectivity decreases with increasing 2MPDO
conversion. Both selectivity and conversion increase with temperature. MAA selectivity va-
ries almost linearly with 2MPDO conversion : at any inlet gas composition, its selectivity
decreases linearly with increasing conversion.
The slope of the curve decreases smoothly from reducing conditions to an oxidizing envi-
ronment. Selectivity to MAA decreases with increasing oxygen concentrations at all tem-
peratures whereas, conversion decreases. Highly reducing conditions favor MAA selectivity ;
however, selectivity reached a maximum with 13% 2MPDO in the feed. Conversion is 10
fold lower at τ=0.18 s compared to τ=0.36 s ; however, MAA varies little (Fig. 7.2). The re-
lationship between the reaction conditions and conversion is more complex : under highly
oxidizing conditions (low 2MPDO concentration), 2MPDO is the limiting reagent and, the-
refore, conversion is limited by the contact time and temperature ; under reducing conditions
(2MPDO= 16%), oxygen is the limiting reagent.
MAC selectivity is more sensitive to temperature than MAA. On the contrary, conversion
is less sensitive to temperature. Selectivity is independent of oxygen concentration at a
constant 2MPDO concentration (Fig. 7.3). At a constant oxygen feed concentration, in-
creasing 2MPDO decreases both MAC selectivity and 2MPDO conversion. At 200 ◦C, MAC
selectivity is virtually independent of operating conditions and is steady around 55% ; in the
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Figure 7.2 2MPDO conversion versus MAA selectivity as a function of temperature feed
composition and contact time : τ= 0.36 s filled symbols and τ= 0.18 s hollow symbols.
range 250 ◦C to 320 ◦C, it varies from 16% to 52%. 2MPDO conversion is lower at shorter
contact time but MAC selectivity is independent of contact time (Fig. 7.3). The relationship
between COx and 2MPDO conversion is completely different than the MAA and MAC selec-
tivities. At 250 ◦C, COx selectivity varies from 20% to 32%, while it is 20% lower starting
from 250 ◦C. At higher temperature and a constant feed composition, COx selectivity in-
creases with increasing temperature. At the same oxygen concentration, increasing 2MPDO
concentration decreases 2MPDO conversion more than COx selectivity. COx selectivity is
independent of 2MPDO concentration.
7.4.2 Selectivity and conversion at 200 ◦C
MAA selectivity and 2MPDO conversion are lowest at 200 ◦C. MAA selectivity is three times
higher at 250 ◦C while MAC is 20% higher below 250 ◦C. Lower temperature favors MAC
while high temperature favour MAA, which suggests 2MPDO oxidation to MAC is the first
step in the mechanism. The MAA and MAC selectivity trends versus feed composition are the
same from ≥ 250 ◦C (Fig. 7.5a). The selectivity to MAA decreases steadily with increasing
oxygen in feed for both contact times. MAC selectivity increases with increasing oxygen
concentration (Fig. 7.5a).
Decreasing residence time decreased MAC selectivity 6%, but it increased COx selectivity
3%. It means that COx is forming as byproduct since MAC selectivity is high. MAA selec-
tivity is independent of residence time at 200 ◦C. 2MPDO conversion decreased around 40%
reducing residence time from τ=0.36 s to 0.18 s. Both 2MPDO and O2 conversion increased
with oxygen concentration. O2 conversion decreased with increasing 2MPDO from 10% to
13% and thereafter was invariant with more 2MPDO in inlet (Fig. 7.5b). Although it is unu-
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Figure 7.3 2MPDO conversion versus MAC selectivity as a function of temperature feed
composition and contact time : τ= 0.36 s filled symbols and τ= 0.18 s hollow symbols.
Figure 7.4 2MPDO conversion versus COx selectivity as a function of temperature feed com-
postion and contact time : τ= 0.36 s filled symbols and τ= 0.18 s hollow symbols.
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sual, decreasing COx production justifies this unusual trend. 2MPDO conversion decreased
a little with increasing 2MPDO concentration at the same oxygen inlet feed concentration.
Oxygen conversion was high compared to 2MPDO, which suggests that the reaction rate is
limited by O2 availability.
During the first 30min time–on–stream at 200 ◦C, MAA selectivity remained below 3% but
increased steadily thereafter to exceed 12% at 100min. Conversely, MAC selectivity was 85%
at 20min then dropped to 60% (Fig. 7.6). CO2 selectivity increased slightly with time and
reached 15% at 100min. CO and CH4 selectivities were invariant at 6% and 4%, respectively
(Fig. 7.6). MAC yield correlated with the increased yield of carbon oxides and MAA.
7.4.3 Kinetic Modelling
We completed a full factorial experimental design with VOCu0.5/Cs(NH4)2 PMo12O40 in a
8mm diameter fluidized bed reactor (Table 7.1). The factors included 2MPDO and oxygen
partial pressure (three levels each), temperature (four levels), and contact time (two levels).
We monitored the non-condensable gas phase concentration continuously and withdrew li-
quid samples periodically : liquid-phase species concentrations reached steady state at about
100min. The stoichiometric reactions for 2MPDO, MAA, and MAC are :
2MPDO+ 0.5O2 −→ MAC+ 2H2O (7.1)
2MPDO+O2 −→ MAA+ 2H2O (7.2)
MAC+ 0.5O2 −→ MAA (7.3)
The reaction network includes intermediates and byproducts (Fig. 7.7) and is based on the
abstraction of four hydrogen atoms with/without oxygen insertion into the four–carbon ske-
leton.
The kinetic model assumes product concentrations are negligible initially compared to the
reactants. We tested Langmuir–Hinshelwood, Eley–Rideal, and Mars van Krevelen expres-
sions involving oxidized sites Hachemi et Murzin (2018); Morin et al. (2018). We fit the
experimental data to models assuming that either the adsorption of reactant, reaction, or
desorption of products is rate–limiting .
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Figure 7.5 Product selectivity (a) and reactant conversion (b) at 200 ◦C as a function of
composition and contact time : τ= 0.36 s (filled symbols) and τ= 0.18 s (hollow symbols).
Figure 7.6 Selectivity and conversion with time over 2MPDO/O2/Ar= 13%/10%/77%
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Figure 7.7 The reaction mechanism for main products and byproducts
Langmuir–Hinshelwood mechanism
In this mechanism, 2MPDO and oxygen adsorb on neighboring sites, X, thus forming adsor-
bed species 2MPDO∗ and O∗ (dissociative adsorption) :
2MPDO+X −→ 2MPDO∗ (7.4)
O2 + 2X −→ 2O∗ (7.5)
2MPDO∗ + βO∗ −→ products+ (1 + β)X (7.6)
In scenario 1 the adsorbed species react on the active sites, X : 2MPDO occupies one site
and oxygen dissociates on two sites. The adsorbed species combine to form an adsorbed pro-
duct MAA∗, MAC∗, or COx∗. A fraction of the MAC∗ species desorbs to gaseous MAC and
another fraction reacts to form MAA∗. Finally, MAA∗ desorbs leaving the site vacant (X)
(supplementary materials, Table 7.3). Expressions for each of the rate limiting steps become :
1) 2MPDO adsorption : r = k
′
1P2MPDO
[1+(K2PO2)
1
2 ]
2) adsorption of O2 over the active site : r =
k
′
2PO2
[1+K1P2MPDO]2
3) surface reaction : r = k
′
3P2MPDOP
1
2
O2
[1+K1P2MPDO+(K2PO2)
1
2 ]2
or r = k
′
3P2MPDOPO2
[1+K1P2MPDO+(K2PO2)
1
2 ]3
In scenario 2, the partially reacted species desorb and react in the gas phase. This scenario
gives the same rate expressions for adsorption of 2MPDO and O2, and surface reaction steps
as scenario 1 ; however, there is an additional model involving surface reaction :
r = k
′
3P2MPDOP
1
2
O2
[1+K1P2MPDO+(K2PO2)
1
2 ]
.
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Eley–Rideal model
The Eley–Rideal assumes that 2MPDO adsorbs on an active site to form an activated ad-
sorbed species 2MPDO∗ and molecular oxygen reacts with this species directly. We tested
scenarios in which reactants form gas phase molecular (scenario 3) or 2MPDO∗ in presence of
molecular oxygen produces adsorbed products (except for MAC) and then MAA∗ and COx∗
desorb from the same sites into the gas phase (scenario 4) :
2MPDO+X −→ 2MPDO∗ (7.7)
2MPDO∗ +O2 −→ products+X (7.8)
In the former 2MPDO absorbs on an active site to form 2MPDO∗. Molecular oxygen reacts
with this species to form MAC which desorbs from the site immediately. In the competitive
reaction path, one atom of oxygen produces the active specie of O∗ that partially reacts
with molecular MAC to form MAA and a vacant site. In the parallel reaction path, 2MPDO∗
reacts with O2 to form molecular MAA. The 2MPDO∗ species also forms COx∗ which desorbs
from the surface. MAA and MAC also react further with adsorbed oxygen O∗ to produce
COx.
Scenario 4 is similar to scenario 3 but 2MPDO∗, MAA∗, and MAC∗ combust to COx on the
surface :
1) adsorption of 2MPDO over the active site : r = k′1P2MPDO
2) surface reaction : r = k
′
2P2MPDOPO2
[1+K1P2MPDO]
Mars van Krevelen mechanism
This model assumes a redox couple in which 2MPDO reacts with oxidized sites, X, thereby
reducing them to V . Molecular oxygen re–oxidizes the reduced sites (V ). In scenario 5,
2MPDO reacts with oxidized sites on the surface and desorbs as the products while in scenario
6, 2MPDO reacts directly with oxidized sites to products :
2MPDO+X −→ products+ V (7.9)
V +O2 −→ X (7.10)
So, 2MPDO adsorbs and reacts with X–(with the concentration of CX) and forms adsorbed
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species–2MPDO∗– (with the concentration of C2MPDO−S). MAC∗ forms MAA and reduced
sites. Reactants and products also produce coke (CC4v ) over the reduced sites. Molecular oxy-
gen finally reforms the reduced site to oxidized sites. Further, we assumed that the reaction
are irreversible :
KCX = k11PO2(αk1P2MPDO) Which CX = KCX × CV
KC2MPDO−S =
(αk1k11P2MPDOPO2)
(β k2+γ k3+η k5)(αk1P2MPDO) Which C2MPDO−S = KC2MPDO−S × CV
KCC4V =
(τ k8P2MPDO+k11PO2−k11P2MPDOPO2 )
k12PO2
Which CC4V = KC4 × CV
=⇒ CV = 1(1+KCX+KCC4
V
+KC2MPDO−S )
=⇒ C2MPDO−S = KC2MPDO−S(1+KCX+KCC4
V
+KC2MPDO−S )
=⇒ CC4V =
K
CC4
V
(1+KCX+KCC4
V
+KC2MPDO−S )
=⇒ CX = KCX(1+KCX+KCC4
V
+KC2MPDO−S )
Therefore for each step of reaction as a rate–limiting step, we have :
1) Adsorption of 2MPDO over the portion (α) of oxidized sites (X) :
r = k1PO2
[1+K1
PO2
P2MPDO
+K2
P2MPDO
PO2
−K4]
2) Reaction of adsorbed 2MPDO over the oxidized sites to MAA, MAC, and COx :
r = k
′
[1+K2
PO2
P2MPDO
+K3
P2MPDO
PO2
]
3) Reaction of 2MPDO over the reduced sites (V ) to form coke :
r = k
′
8P2MPDO+k11PO2
[1+K2
PO2
P2MPDO
+K3
P2MPDO
PO2
−K4]
In scenario 6, instead of 2MPDO reacting with oxidized sites (2MPDO∗), it reacts directly to
products that desorb directly into the gas phase. All the other steps are the same as scenario
5 (supplementary materials). Then we have :
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KCX = k10PO2(αk1+β k2+φk6)P2MPDO Which CX = KCX × CV
KCC4V =
τ k9P2MPDO
k11PO2
Which CC4V = KCC4V × CV
=⇒ CV = 1(1+KCX+KCC4
V
)
=⇒ CC4V =
K
CC4
V
(1+KCX+KCC4
V
)
=⇒ CX = KCX(1+KCX+KCC4
V
)
The kinetic reaction rate models for adsorbing 2MPDO over the oxidized sites to produce
MAA, MAC, and COx and reacting oxygen over the reduced sites are the same as scenario
5. The only difference is having another model for burning coke over the sites with oxygen
to form COx :
r = k
′
9P2MPDO
[1+K2
PO2
P2MPDO
+K3
P2MPDO
PO2
]
7.4.4 Hydrodynamic Modeling
To adequately interepret reaction rate data requires a basic understanding of gas and solids
transport characteristics. The advantage of fluidized bed reactors to study kinetics is that
the solids are completely backmixed—the oxidation state, adsorbed species concentrations,
and coke concentration are the same throughout the bed. In fixed bed reactors, coke build
up on the catalyst and oxidations states have strong radial and axial gradients Kaarsholm
et al. (2007). On the other hand, bubbles complicate the hydrodynamics of the gas-phase
and thus require more attention to establish the prevailing contact efficiency. Gas transient
step response techniques measure the residence time distribution that assess potential non-
uniformities. We installed a four–way valve and fed a constant flow of argon to the reactor, and
then switched argon to air at time “0”—heavyside unit step function’ (Fig. 7.8) Lorences et al.
(2006). The mass spectroscopy monitored the oxygen concentration online at a frequencey
of 2Hz. As the air sweeps across the catalyst, the oxygen concentration increases gradually
to its steady–state value.
We evaluated the hydrodynamics in a first series of experiments at room temperature in
the 8mm ID quartz reactor at a gas velocity of 23, 33, 49, and 58mm s−1. To minimize
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Figure 7.8 Oxygen breakthrough curves as a function of the gas velocity
the freeboard contribution to dispersion, we placed the MS capillary 1 and 2 cm above the
catalyst surface. We conducted a second set of experiments at reaction temperature (250 ◦C)
and the gas velocities were the same as in the first series and the identical location for the
capillary tip. In a third series of tests, we decreased the catalyst mass 50% while maintaining
the same velocities, temperatures, and capillary positions. We evaluated the transport effects
due to the connecting tubing with the empty reactor. All tests were repeated two times at
each gas velocity, and the reproducibility was very good. Axial dispersion is quite low as the
reactor operates close to the minimum fluidization velocity and so the gas phase is close to
plug flow like a fixed bed. The minimum bubbling velocity is 3.3 cm s−1 (Umf) and kinetic
experiments we ran at velocities within 2× Umf .
n–CSTR in Series Model
The tanks–in–series model is an good first approximation to characterize the gas-phase hy-
drodynamics and it agrees well with the axial–dispersion model for Peclet numbers above
5 (i.e. moderate deviation from plug flow). A tracer mass balance around tank j yields the
following equation Lorences et al. (2006) :
Cj = QVj e
−tQ/Vj ∫ t
0 Cj−1e
tQ/Vjdt
where Q is the flow velocity and V j the volume of tank j. All tanks have the same volume
and then we have :
Q
Vj
= ntm
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where n is the number of tanks and tm is the mean residence time. The residence time dis-
tribution for the whole system is obtained from a mass balance for n tanks Lorences et al.
(2006) :
F (t) = 1− e−nt/tm [1 + nt
tm
+ 12!(
nt
tm
)2 + ...+ 1(n−1)!(
nt
tm
)(n−1)]
E(t) = tn−1(n−1)!tnmi e
−t/tmi
The number of tanks varies between 42 at low gas velocities (fixed–bed operation) and 5 at
high gas velocities (bubbling bed) Table 7.2. The significance of the assumed number of tanks
in series has profound implications when the conversion of the limiting reagent approaches
100%. At conversions in the range of 35%, predictions of a plug–flow model (infinite number
of tanks in series) differ from those of a CSTR (one tank in series) by only 6%.
7.4.5 Estimation of kinetic parameters
We estimated activation energies and rate constants for each kinetic model while taking into
account the reactor hydrodynmics. The Mars van Krevelen mechanism fit the experimental
data best as the φ function was lowest compared to all other models (Table 7.3). Kinetic mo-
dels assuming reactant adsoprtion as the rate limiting step fit the experimental data poorest
with objective functions φ exceeding 2 in the case of the Langmuir and Eley-Rideal models.
The objective function for models that assume surface reaction as the rate limiting step are
lower but even so, they exceed 1.5 in the case of the Langmuir expressions. For one of the
Eley-Rideal models φ < 1 with R2 better than 0.5 for the three species—MAA, MAC, and
2MPDO. The Mars van Krevelen model has the lowest φ at 0.64 and the final expression of
the form :
Table 7.2 n–CSTR in Series Model Parameters
Ug σ
2 tm n Pe
2.3 24.5 20.5 42 83
3.3 13.3 20.3 31 59
4.9 11.7 19.4 13 24
5.8 8.5 13.9 5 8
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r = k
′
[1+K2
PO2
P2MPDO
+K3 P2MPDOPO2
]
−→ r = k
′
PO2P2MPDO
[K2PO2+K3P2MPDO]
where K2=Ko and K3=Kr, and k
′=Ko × Kr
We normalized the total number of active sites to equal 1 and assumed the number of sites
was independent of temperature. The Er = 170 kJmol−1 and Eo = 160 kJmol−1.
The best fit values of the kinetic constants suggest that 2MPDO first reacts to MAC which
then forms MAA or combusts (Fig. 7.12). The reaction rate of these reactions are about the
same. 2MPDO does form MAA directly but the reaction rate to MAC is four times greater.
The MAA combustion rate to carbon oxides is negligible as its reaction rate is several orders
magnitude lower than that of MAC to COx (Table 7.5). The regression model for MAA
selectivity accounts for 80% (Figs. 7.9) of the variance in the data and it accounts for 96% of
the variance in the MAC selectivity (Figs. 7.10 but for fit is not as convincing for the 2MPDO
(Figs. 7.11). The data cover a broad range of temperatures but perhaps too broad : the fit
between experimental selectivity and model predictions are poor at low temperature. Some
catalytic systems have very different reaction mechanisms at low temperature versus high
temperatureGodefroy et al. (2010). Here we excluded methane that simplifies the modelling
but introduces some error.
7.5 Conclusions
Poly methyl methacrylate (PMMA) is a specialty commercial polymer with boundless ap-
plications for everyday life, including medical fields for ophtalmology, for example. Its high
transparency and good mechanical properties makes it an attractive alternative to replace
glass in application require impact resistant, low weight, and safety. PMMA annual produc-
tion surpasses 2.8 million tonne and its increasing demand motivates industry to develop
clean technologies based on renewable resources. 2MPDO is a co–product of 1,4–butanediol
in the hydroformylation process of allyl alcohol and can be an attractive feedstock to produce
MAA and replace current technologies that suffer from low yield, short catalyst life time, and
Table 7.4 Kinetic constants for Mars van Krevelen based on 2MPDO consumption
Temperature, ◦C Kr, mol s−1atm−1 Ko, mol s−1atm−1
200 1.46×10−7 7.55×10−7
250 2.55×10−7 1.30×10−6
285 5.03×10−7 2.29×10−6
320 6.97×10−7 3.44×10−6
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Table 7.5 Reaction rate constant and activation energy of each step of the proposed model
i ki Eai
1 5.8×10−1 23.1
2 247×10−1 9.4
3 2.3×10−1 25.6
4 1.9×10−1 25.3
5 252×10−1 8.9
6 4.3×10−3 27.7
Figure 7.9 MAA selectivity analysis (model vs experimental)
Figure 7.10 MAC selectivity analysis (model vs experimental)
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Figure 7.11 2MPDO conversion analysis (model vs experimental)
Figure 7.12 Reaction scheme with the reaction constants
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toxic feedstocks.
We evaluated the effect of operation conditions such as temperature, feed compositions,
contact time to evaluate the significance of each parameter on selectivity and conversion.
After about 100min most concentrations approached steady state. Above 250 ◦C), both MAC
and 2MPDO oxidize to MAA at commercially relevant reaction rates. 2MPDO/O2 ratio has
a greater effect on MAA+MAC selectivity than temperature : Higher ratios improve MAA
and MAC selectivities and productivity. Coke forms with time, therefore, to maintain activity
requires a periodic regeneration step like a redox reaction configuration where catalyst cycles
between net reducing and net oxygen environments.
We tested the Langmuir–Hinshelwood, Eley–Rideal, and Mars van Krevelen kinetic models.
The Mars van Krevelen mechanism fit the experimental data best, which confirms that a
redox reactor configuration would be ideal for this system. The re–oxidation step is faster
than the reduction step by 2MPDO. The reaction network for the partial oxidation of 2MPDO
includes five reaction steps : 2MPOD predominately forms MAC in the first step and MAC
is more reactive than either 2MPDO or MAA as it combusts readily to COx. MAA is more
stable and its oxidation kinetics to COx are negligible at low temperature.
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Nomenclature
MAA = methacrylic acid
MAC = methacrolein
D = axial dispersion, m2s−1
n = number of tanks in the n–CSTR in series model
Pe = Peclet number of axial dispersion
ri = reaction rate, mol s−1m−3
Eaj = activation energy, kJmol−1
ki = reaction rate constant, various units
R2X,2MPDO = coefficient of determination for 2MPDO conversion
R2S,MAA = coefficient of determination for MAA selectivity
R2S,MAC = coefficient of determination for MAC selectivity
R2S,COx = coefficient of determination for COx selectivity
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Si = selectivity to compound i
T = reaction temperature, K
tm = mean residence time, s
Umf = minimum fluidization velocity, ms−1
Ug = gas linear velocity, ms−1
X = butane conversion, %
Pi = partial pressure of reactants
Pj = partial pressure of products
Fi = gas flow rate of reactants, mLmin−1
X= active (oxidized) sites over different mechanisms (eqs 4–11)
V = reduced sites over different mechanisms (eqs 9–10)
CX= concentration of oxidized sites for Mar van Krevelen mechanism
CV= concentration of reduced sites for Mar van Krevelen mechanism
C2MPDO= concentration of sites occupied by 2MPDO for Mar van Krevelen mechanism
CC4V = concentration of sites occupied by coke for Mar van Krevelen mechanism
Kr= reaction rate constant for reduction step of Mar van Krevelen mechanism
Ko= reaction rate constant for oxidation step of Mar van Krevelen mechanism
Greek Symbols
φ = objective function for modeling
β= a portion of active sites occupied by oxygen that reacts with adsorbed 2MPDO in eq 6
τ= contact time
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CHAPTER 8 GENERAL DISCUSSION
Methyl methacrylate (MMA) is a specialty chemical that widely uses as an additive in paints
and coatings and electronics. It is a modifier for PVC and also acts as bone inserts in medicine.
However, the main application of MMA is producing poly–methyl–methacrylate (PMMA).
PMMA is highly demand specialty chemical that its consumption surpassed 2.8 million tonne
annually. The increasing demand of PMMA therefore affects the demand on MMA and will
surpass 4.8 million metric tonne by 2020 with annual growth in demand of more than 0.2
million tonnes (5% to 6%) Nagai et Ui (2004); Program (2006); Schunk et Brem (2011);
Global Market Analysts (2016). Due to the increasing demand for PMMA, the price of bulk
MMA increased by 10% annually Jing (2012).
The increasing demand on these chemicals motivates industry and academia to propose a
new approach or improve the current technologies to maximize productivity and decrease the
price of final product.
Acetone cyanhydrin (ACH) is the current dominant process to produce MMA which hydrogen
cyanide and concentrated sulfuric acid are the main reactants Mizuno et Yahiro (1998); Deng
et al. (2005). However, expensive and toxic raw materials and producing large quantities of
byproduct (ammonium bisulfate) are the significant problems of this technology. Although,
Mitsubishi Gas Chemicals developed an ACH process to address the environmental and toxic
issues, it still suffers from short catalyst lifetime and parasitic reactions Shuji et al. (1994);
Kiochi (1999).
Oxidizing light hydrocarbons (C2–C4) to MAA– as the principal substrate for MMA– re-
duces the deficiencies of the ACH process Montag et Mckenna (1991); Drent et Budzelaar
(1996); Zhou et al. (2015). However, the proposed routes from these feedstock also suffer
from low yield, multiple steps, and short catalyst lifetime. Oxidation of isobutane to MAA
is an attractive process because of inexpensive feedstock, lower environmental impact, and
a simple one–step process Sultan et al. (2004); Cavani et al. (2001f). Selectivity to MAA
with heteropoly compounds and vanadium pyrophosphate catalyst have reached 49% after
90 h reaction time Kanno et al. (2010); Zhang et al. (2013); Paul et al. (2010); Jing et al.
(2014a); Wang et al. (2016); He et al. (2015). However, this process operates above the upper
flammability region in oxygen lean condition and the hydrocarbon conversion is below 25%
Cavani et al. (2001f). Therefore, extra separation steps are necessary to separate unreacted
isobutane from products.
2MPDO is a co–product of 1,4–butanediol in the hydroformylation process of allyl alcohol and
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has not much application besides usual glycol application. It is an easily handled liquid and
has an intermediate boiling point to decompose at mild temperature which can be a proper
potential reactant to produce MAA. Therefore, gas–phase partial oxidation of 2MPDO can
be a promising alternative approach to replace with the current technologies. The process of
converting 2MPDO to valuable chemicals includes heterogeneous catalysis and fluidized bed
reactor.
This thesis addresses various aspects of oxidation processes :
1. catalyst synthesis and characterization ;
2. optimizing catalyst structure and preparation conditions ;
3. catalytic reactions in fluidized bed reactors ;
4. optimizing the reaction conditions ;
5. analyzing the correlation between catalyst structure and reaction mechanism ;
6. kinetic modeling.
To have a deep vision about a recent progresses to produce MAA and MMA and also to
clarify why the new approach is necessary, we comprehensively studied “Catalysis for the
synthesis of methacrylic acid and methyl methacrylate” as a review paper (Chapter 2).
Synthesis of a new catalyst type and proposing a new process that converts 2MPDO to high
selective products is challenging. In order to carry through this, we first investigated a gas-
solid-liquid system and we injected the pure 2MPDO directly over the catalyst surface into
a micro–fluidized bed that a 0.3 mm nozzle atomized the 2MPDO liquid feed into the bed.
Blocking the injector in less than 10min after running the experiments was the first challenge
of the process. At low fluidization gas flow rate (less that 20mLmin−1, the injection line
blocked because of agglomeration over the catalyst surface.
We tested several catalysts (such as VPP, mixed–metal oxides, zeolite, and heteropoly com-
pounds) and found that Keggin–type heteropoly compounds including cesium, vanadium,
and copper is an active catalyst to partially oxidize 2MPDO to MAA where MAC is the
main intermediate. As the screening tests, 2MPDO injected continuously from the bottom
of the reactor at 350 ◦C and 2MPDO/O2= 13%/10% over 2 g of catalyst.
Keggin–type catalyst in form of pure acid (H3PMo12O40) was non–selective to MAA that
the main products were MAC and COx and the selectivity to MAA was less than 2%. Small
amounts of propanal, 2-Methylpropanal, butanal, and acetic acid were also detected in exit.
Therefore, we inserted different metal ions to improve its performance. We replaced cesium
and ammonium with hydorgen with different concentrations and inserted vanadium and cop-
per in various amounts to find the optimum catalyst structure. Cs(NH4)2PMO12O40(VO)Cu0.5
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was the optimum catalyst structure and the maximum selectivity to MAA and MAC reached
to 11% and 23%, respectively at 350 ◦C. The cesium salt of a Keggin–type heteropoly acid
(HPA) partially oxidized 2MPDO to MAA. The substitution of Cs+ as a cation for H+ in
H3PMo12O40 formed an alkaline salt acting as a support over which the active phase was dis-
persed and thermally stabilized. However, substituting more cesium (x > 2) for ammonium
decreased the active phase concentration and catalyst performance. Inserting vanadium into
the HPA reduced the Mo6+ to Mo5+, and promoting it with copper increased the selectivity
to MAA but decreased the conversion by 11%. In this condition, lots of coke and COx formed
that decreased catalyst performance (Chapters 3 & 4).
To address catalyst productivity, we tested different feed compositions and temperatures
and the maximum selectivity to MAA and MAC reached to 41% and 33%, respectively at
lower temperature (250 ◦C). From the initial results we proposed that oxygen reacts with
2MPDO to form 3–hydroxy–2–methylpropanal. This intermediate dehydrates to MAC in the
second step, and finally in the third step, oxygen reacts with MAC to form MAA. To check
the carbon balance, we regenerated the used catalyst with higher oxygen concentration and
monitored MS signals for COx (Chapters 3 & 4).
Although opearting conditions affect catalyst performance, catalyst synthesis changes also
the productivity of the process or even might change the reaction path. Then, we evalua-
ted the effect of calcination temperature– as one of the significant parameters on catalyst
synthesis– to see how this parameter affects MAA+MAC selectivity. The keggin–structure
decomposes to its metal oxides at temperature above 450 ◦C that limits us to work at lo-
wer calcination temperature. We calcined catalysts at 300 ◦C and 350 ◦C and compared their
performance with uncalcined catalyst. Higher calcination temperature illustrated better per-
formance for MAA and MAC selectivities that maximum MAA and MAC selectivities were
61 ◦C and 28 ◦C, respectively, at 250 ◦C after 480min over cycling oxidation–reduction and
2MPDO/O2/Ar=13/10/77 as the best reaction condition and feed composition.
We characterized catalyst structure with several techniques to understand how higher tem-
perature treatment changes catalyst performance. Large, sharp peaks of the X–ray diffracto-
grams at 2θ= 10.6◦, 26.4◦, and 30.6◦ confirmed the Keggin–type crystalline structure (body–
centered cubic with Å= 11.4) of ammonium oxonium molybdenum oxide phosphate (as the
main crystal).
FT–IR and Raman techniques detected the higher intensity and more obvious shoulder of
V2O5 for catalyst calcined at 350 ◦C that indicate stronger interaction between vanadium
and oxygen into the Keggin structure. Therefore, the stronger bond of vanadium and oxygen
(V2O5) justified the better performance of catalyst treated at higher temperature.
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The Raman spectroscopy analysis showed the intervalence charge–transfers energies of mo-
lybdenum species ; indicating that octahedral Mo5+ developed during reaction and confirmed
the catalyst reduction after 480min. Therefore, catalyst calcined at 350 ◦C reduced more than
catalyst calcined at 300 ◦C compared to the corresponding fresh ones which resulted in better
performance of catalyst for MAA and MAC selectivities. The atomic ratio of Mo6+/Mo5+ for
calcined samples was higher than uncalcined one which confirms that calcination oxidize the
coordinatively unsaturated Mo5+ to Mo6+ in the crystalline phase (Chapter 5).
XPS results showed that calcining samples increased the Mo6+/Mo5+ ratio where higher
calcination temperature resulted in higher ratio. Therefore, we suppose that calcining reduces
vanadium from V5+ to V4+ while the Mo5+ oxidizes to Mo6+ in the Keggin structure. The
XPS results indicated that the average oxidation state (based on Mo6+/Mo5+ atomic ratio) of
catalyst calcined at 350 ◦C was higher than other catalyst, which correlates with the improved
performance.
At the end, based on the XPS analysis, we proposed a mechanism which correlates catalyst
structure and products. In 2MPDO the C−H and the C−OH single bond homolytic dissocia-
tion energy of the tertiary carbon and the carbon bearing the alcoholic function, respectively,
is comparable (400 kJ mol−1 vs. 393 kJ mol−1). Therefore the cleavage of these two bonds is
equally likely. Though, the route of direct dehydration of 2MPDO followed by oxidation to
MAC seems the most direct path to the products detected, we also propose a mechanism that
passes through the homolytic dissociation of the C−H bond, in reason of the very similar
bonding energies.
At the last step of this research, we tried to find the best kinetic model which present the
experimental data. We tested three mechanisms and found that Mars and Van Krevelen is the
best model for redox reaction. Reacting of 2MPDO over the oxidized sites to form products
is the rate–limiting step of this reaction network (Chapter 6).
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CHAPTER 9 CONCLUSION
9.1 Conclusion
The main objective of this work was the partial oxidation of 2–methyl–1,3–propanediol to
methacrylic acid in a gas-solid fluidized bed reactor in the presence of heterogeneous catalyst.
Our first target was to synthesize, or introduce, an active catalyst that breaks C−H bond
and be selective to methacrylic acid. For the first time, we tested Keggin–type heteropoly
compounds including transition metal oxides such as vanadium, molybdenum, and copper in
oxidation of 2MPDO to MAA and MAC. Product selectivity and yield depended upon the
type of metal oxides and their concentration in catalyst structure and also the conditions of
catalyst synthesis. Acid type of Keggin–structure (H3PMo12o40) was non selective to MAA ;
however, adding vanadium and molybdenum improved catalyst performance and showed a
good activity in oxidation of 2MPDO to MAA and MAC.
In parallel, we explored a gas-solid fluidized bed that reduced issues of catalytic degradation
of 2MPDO to COx. This system prevented also fast catalyst deactivation and agglomeration.
First, we studied a gas-solid reactor with a pure 2MPDO sprayed on the surface of the bed.
Howver, because of agglomeration, we tested different feed compositions, flow rates, and
pressure drop to find the optimum conditions to have the best atomization. It helped us to
run the experiments for 480min without injector blockage. We tested different injector and
reaction configuration to maximize productivity such as the place of gas distributer, and
system isolation.
To improve catalyst performance we tested different reaction conditions, temperatures, and
contact time. The trend of MAA selectivity and conversion were the same as by increasing
selectivity, the conversion increased. MAC was the main intermediate in which the selecti-
vity to MAC decreased with time. It confirmed that MAA was formed from two parallel
mechanisms.
A detailed kinetic model can properly predict partial oxidation of 2MPDO over this type of
catalyst. We estimated the reaction rate constant for each step and those data can be used
for reactor scale up.
In this study, we found that the introduce gas-solid system in able to oxidize 2MPDO to
methacrylic acid in a micro–fluidized bed reactor over Keggin–type heteropoly compounds
in the presence of vanadium, molybdenum and copper. Using heterogeneous catalysts has
advantageous such as easy separation, and less catalyst consumption and coke removal is
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easier in the fluidized-bed reactors. It should be noted that, the test occurred at a medium
temperature, and atmospheric pressure and reaction rate was fast.
9.2 Recommendations for future research
Gas–solid oxidation of 2MPDO was presented for the first time as a possibility in the conver-
sion of 2MPDO to specialty chemicals such as MAA and MAC.
All experiments were run in a micro–fluidized bed reactor. The agglomeration of catalysts
is the main problem in small reactor systems, and injecting liquid solution adds a level of
complexity to this system. The ability to run a series of experiments in a large–scale reactor
will be a big step in scaling up.
The second step is inserting other metal ions into the Keggin–type that we just tested three
ions (V, Mo, and Cu). Adding another ions such as iron, potassium and nickel would be useful
to see whether they affect catalyst performance or no. Moreover we evaluated the catalyst
performance by synthesizing the catalyst at different calcination temperatures. Evaluating
other parameters such as calcination atmosphere (air, nitrogen or argon), calcination tem-
perature ramp, and even method of catalyst synthesis affects the catalyst performance and
productivity. Therefore, we suggest to study these parameters as a future research.
We changed the feed composition in limited ranges and injected pure 2MPDO. Applying
a wider range for feed composition in present of water as a co–feeding might affect the
selectivity to MAA and MAC.
At the end we suggest to run the reaction for a longer time–on–stream whereas the longest
run for this research was 480min.
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